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Mature skeletal muscle has a uniquely robust capacity for regeneration. This 
ability is due in large part to the resident population of muscle stem cells in the tissue, 
known as satellite cells. These adult stem cells reside in a quiescent state near the basal 
lamina of skeletal myofibers, but are rapidly activated by myofiber injury from trauma, 
strenuous exercise, or disease. Upon activation, satellite cells proliferate to produce 
many daughter myoblasts at the injury site. These daughter myoblasts subsequently 
undergo an ordered series of steps to remake functional syncytial myofibers, including 
migration, cell cycle withdrawal, expression of pro-differentiation genetic programs, and 
cell-cell fusion. However, the molecular cues that regulate these steps are still 
incompletely understood. 
Over the past decade, there have been various reports demonstrating that 
skeletal muscle cells are prolific secretors of cytokines and other soluble factors. In fact, 
myoblasts express and secrete different cytokines at distinct points during proliferation 
and the stages of differentiation. These observations gave rise to the idea that perhaps 
muscle cells could influence their own differentiation in an autocrine or paracrine manner 
by regulating cytokine production. This was intriguing, as it was long assumed that the 
immune cells that infiltrate the muscle tissue in high numbers after injury—largely 
neutrophils and macrophages—were the source of any secreted factors observed during 
skeletal muscle regeneration. Still, the functions and underlying molecular mechanisms 
of these cytokines are mostly unexplored.  
 We performed a functional RNAi screen in order to better understand the roles of 
these muscle-derived cytokines in myogenesis, which is described in chapter II of this 
thesis. After screening 134 cytokine genes, we were able to categorize the resulting 29 
positive hits into four functional groups (Table II.3). Class I and II cytokines represent 
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potential positive regulators of myogenesis, while Class III and IV cytokines are potential 
myogenic inhibitors. Curious about the functions of these cytokines, we set about 
characterizing in detail the molecular mechanisms they use to affect myoblast 
differentiation and fusion.  
Tumor necrosis factor superfamily member 14 (Tnfsf14) emerged from our 
screen as a potential positive regulator of myogenesis, though no function for Tnfsf14 in 
muscle tissue had been reported. Through the studies described in chapter III of this 
thesis, we found that Tnfsf14 promotes myogenesis through cell survival, by maintaining 
a sufficient number of myoblasts available to fuse into myotubes. This action is 
dependent upon the Akt signaling pathway, and can be modulated in vivo to enhance 
muscle regeneration after injury. 
In chapter IV, we describe chemokine (C-X-C motif) ligand 14 (Cxcl14) as a 
negative regulator of myogenesis. We found that Cxcl14 expression in myoblasts 
prevents cell cycle withdrawal, thereby preventing subsequent differentiation. 
Interestingly, Cxcl14 inhibition during skeletal muscle injury sped up the regenerative 
process in vivo. We observed this rapid regeneration even in aging animals, which 
generally have decreased regenerative ability. 
Lastly, chemokine (C-C motif) ligand 8 (Ccl8) is described as a positive regulator 
of myogenesis in chapter V of this thesis. Ccl8 may be multifunctional: it appears to 
promote sufficient myoblast number by enhancing proliferation and survival in 
proliferating cells, and possibly functions in differentiating cells through a distinct pro-
myogenic mechanism. We also observed that Ccl8 expression can be blunted by 
inhibition of the protein kinase mTOR. Further work will be necessary to fully 
characterize the function of Ccl8 in myogenesis, and to better understand how Ccl8 is 
regulated by the cell. 
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There are still many cytokines from our RNAi screen that remain to be 
investigated. More complete characterization of these secreted factors and the signaling 
pathways they fit into can help us to better understand how skeletal muscle is 
developed, maintained, and regenerated. Indeed, these cytokines may represent novel 
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CHAPTER I: INTRODUCTION 
 
I.1. Skeletal Myogenesis 
I.1.1. Overview of skeletal myogenesis 
Embryonic development—The skeletal musculature of the limbs and trunk 
takes its origin from the dermomyotome, a mesodermal tissue that constitutes the dorsal 
region of the somite [1, 2]. As illustrated in Fig. I.1, the somite is organized into epaxial 
and hypaxial domains, which are dorsal and ventral to the notochord, respectively. 
Cellular commitment to the skeletal muscle lineage begins in the epaxial dermomyotome 
with activation of Myf5, which encodes a basic helix-loop-helix (bHLH) transcription 
factor in the MyoD family [1]. The other members of the MyoD family—Mrf4, MyoD, and 
myogenin—are also required for successful muscle formation, and are collectively 
referred to as the myogenic regulator factors (MRFs). The pattern of sequential 
activation of the MRFs is illustrated in Fig. I.2. Embryonic triple-knockout of Myf5, Mrf4, 
and MyoD results in a complete loss of skeletal muscle tissue due to lack of myogenic 
specification [1, 3]. In contrast, myogenin is required later for differentiation of committed 
myoblasts; thus embryonic loss of myogenin prevents the formation of mature skeletal 
myofibers, but does not affect the number of undifferentiated myoblasts [3].  Mrf4 also 
has a role in differentiation, in addition to its function in myogenic commitment [1, 3].  
Besides the MRFs, there are other transcription factors families that are 
necessary for robust myogenesis. Pax3, a member of the paired box (PAX) family, is 
required for Myf5 and MyoD expression; as such, Pax3 knockout mice do not develop 
limb muscles [4]. Another important family of myogenic transcription factors is the 
myocyte enhancer family-2 (MEF2) proteins. During differentiation, the MEF2 
transcription factors coordinate the expression of muscle-specific genes, including Mrf4 
and myogenin [3].  
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Adult regeneration: myogenic progenitor cells—Mature skeletal muscle 
tissue contains a resident population of stem cells that imparts a great capacity for 
regeneration. These myogenic progenitor cells, called satellite cells, exist in a quiescent 
state under the basal lamina of myofibers until stimulated to divide by muscular injury [5]. 
Quiescent satellite cells express the transcription factor Pax7—which is essential for 
their survival and maintenance of the stem cell pool [6]—but Pax7 must be 
downregulated as the myogenic progenitors re-enter the cell cycle [4]. After reactivation, 
a subset of the activated satellite cells downregulate MyoD and begin to express Pax7 
again, allowing for self-renewal of the muscle stem cell pool [4]. The remaining activated 
cells proliferate to increase myoblast numbers at the site of injury, thereby allowing for 
myofiber regeneration. 
Satellite cells comprise less than 10% of the total nuclei in a given myofiber [7], 
but they represent a crucial component of the myogenic niche. Satellite cell numbers 
dwindle during normal aging and drastically so in some muscle pathologies (e.g. 
Duchenne muscular dystrophy), resulting in a functional loss of regenerative potential 
[6]. Though satellite cells are viewed as professional muscle stems cells and are largely 
responsible for skeletal muscle regeneration, other cells have been identified to have 
some level of myogenic potential under experimental conditions. Myo-endothelial cells, 
pericytes, and mesangioblasts—cells all associated with blood vessels—are capable of 
enhancing myogenesis when injected into injured muscle [8]. However, the role of these 
cell types in muscle regeneration under normal physiological or pathophysiological 
conditions is still unknown [7, 8]. 
Adult regeneration: remaking the mature myofiber—Effective myogenesis 
depends on the new myoblasts successfully completing a number of different processes, 
including transcription and translation of many of the same pro-differentiation genes 
seen in embryonic development, such as the MEF2 and MyoD families of transcription 
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factors [1, 3]. As illustrated in Fig. I.3, the differentiating myoblasts must also undergo 
massive cytoskeletal rearrangement, migration, cell-cell adhesion and alignment, and 
finally membrane fusion in order to recapitulate a mature multinucleated myofiber [9]. 
Membrane fusion occurs in two distinct stages. The first stage represents fusion 
between differentiated myoblasts, leading to small, nascent myotubes containing only a 
few nuclei. The second stage of fusion occurs between myoblasts and these nascent 
myotubes, allowing for the formation of mature myotubes with many nuclei. Interestingly, 
there are a handful of known myogenic regulators that influence only the second stage 
of fusion, perhaps representing a control mechanism over the ultimate size or shape of 
the resulting myofiber [10].  
I.1.2. In vitro models of myogenesis 
The development of in vitro myogenic systems has greatly enhanced our ability 
to study skeletal myogenesis. One of the most commonly used cell lines is the C2C12 
murine myoblast cell line, which is a well-established in vitro model of myoblast 
differentiation. When maintained subconfluently in serum-rich media, C2C12 cells grow 
and divide as myoblasts. Upon growth factor deprivation, these cells rapidly withdraw 
from the cell cycle, initiate the differentiation genetic program, and fuse with each other 
to form multinucleated myotubes. Primary myoblasts isolated from the muscles of 
neonatal mice are also commonly used, and robustly differentiate under similar 
conditions to C2C12 cells. First isolated in pure culture by Rando and Blau in 1994, 
primary myoblasts offer the advantage of transplantation back into an animal to study 
the effects of a particular gene therapy [11]. Other less-commonly used cell culture 
models include the L6 rat myoblast cell line and human primary myoblasts. Human 
primary myoblasts can be difficult to obtain and culture in vitro, but are particularly 
interesting as they can be isolated from muscle biopsies of patients with specific 
muscular diseases. 
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I.1.3. In vivo models of myogenesis 
The molecular steps involved in skeletal myogenesis are highly regulated, and 
the fundamental principles underlying each step are well-conserved across species [10]. 
As such, a wide variety of animal models have been employed to study both the 
embryonic development and adult regeneration of skeletal muscle, including the fruit fly, 
zebrafish, and rodents, to name a few [10]. The mouse is a commonly used model of 
myogenesis, and regeneration studies are typically performed by injuring a particular 
muscle mechanically (e.g. crush injury) or by injection of a myotoxin. All in vivo 
experiments described in this thesis were performed using localized injection of 1.2% 
barium chloride (BaCl2) into the easily-accessible tibialis anterior (TA) muscle as a 
method of injury.  
As shown in Fig. I.4, the muscle tissue becomes largely necrotic one day after 
injury (AI) with BaCl2.  By day 3 AI, the damaged area is filled with small mononucleated 
cells, but distinction between cell types (e.g. infiltrating macrophages, activated satellite 
cells) is only possible with cell-specific immunolabeling. Regenerating myofibers can be 
clearly seen by day 5 AI and are identified by the presence of centrally positioned nuclei, 
allowing new fibers to be distinguished from existing uninjured myofibers with 
peripherally located nuclei. This distinct pattern of nucleus localization is useful for 
accurate quantification of regenerating myofiber number and cross-sectional area. The 
regeneration process is typically complete by day 21 AI [12].  In our lab, saline (0.9% 







I.2. Cytokines in Skeletal Muscle 
I.2.1. A brief history of cytokines 
The exact definition of what constitutes a cytokine has been evolving since their 
discovery in purulent exudates in the 1940s [13]. Many of the secreted factors we now 
know as cytokines were originally categorized as either “monokines” or “lymphokines,” 
based on their primary source from either monocytes or lymphocytes, respectively [13]. 
Other forms of nomenclature centered on function, such as the “chemokines,” so named 
for their chemoattractant properties. Today, it is well established that nearly every cell 
type can produce these secreted factors to some degree, and that individual cytokines 
often have pleiotropic functions. Thus many of the older terminologies have been 
discarded in favor of the umbrella-term “cytokine,” which includes interleukins, 
chemokines, adipokines, interferons, the tumor necrosis factor (TNF) family, and 
mesenchymal growth factors [13]. Cytokines are generally considered to be small (<30 
kDa), secreted proteins, although exceptions to this already broad interpretation certainly 
exist: some members of the TNF family include biologically active membrane-bound 
forms (e.g. Tnfsf14), and several cytokines are larger than the 30 kDa molecular weight 
cutoff (e.g. IL-12, VEGF).  
I.2.2. Secreted factors in myogenesis 
For years, it had been accepted that the secreted factors influencing muscle 
regeneration in vivo are largely of immune cell origin. Indeed, immune cells have been 
reported to reach concentrations over 100,000 cells/mm3 in regenerating muscle tissue 
[14].  Recently, however, various analyses have shown muscle cells to be prolific 
secretors of a wide variety of cytokines [15-18], including several that in fact attract 
immune cells to muscle tissue [19]. Secretome studies show that myoblasts secrete 
different factors during proliferation than during differentiation, and even at different time 
points throughout differentiation [16, 20, 21]. Another study identified numerous 
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chemokine mRNAs expressed by differentiating myoblasts, which may be involved in 
regulating cell migration during myogenesis [17]. Our lab also noted that conditioned 
medium from fully differentiated myotubes can rescue cells pharmacologically halted at 
an immature myotube stage [22], implying an important myogenic function for myocyte-
secreted factors. Taken together, these studies suggest the intriguing possibility that 
muscle cell-secreted proteins have a previously under-appreciated role in modulating 
muscle development and regeneration.  
Functions of the newly identified muscle-secreted cytokines are mostly 
unexplored. Using RNAi, we conducted the first functional screen of cytokines for their 
impact on myogenic differentiation in C2C12 myoblasts, which allowed us to identify 
potential regulators of myogenesis in distinct functional groups [23]; this study is detailed 
in Chapter II. Several of the chapters in this thesis detail the characterization of 
individual cytokines discovered from this screen.  Further characterization of the new 
candidates will likely add interest and complexity to our understanding of cytokines in 
myogenesis. As many cytokines are notoriously lowly expressed in non-myeloid cell 
types, it is possible that individual cytokines are primarily responsible for fine-tuning 
mechanisms during differentiation and regeneration. Our RNAi screen also hints at 
possible functional redundancy within the groups of secreted factors; it is not unlikely 
that a network of cytokines governs the various processes necessary for myogenesis, 
such as cell proliferation, survival, or differentiation. Table I.1 lists the myocyte-produced 
cytokines with reported myogenic function thus far. 
I.2.3. Cytokines in muscle disease 
Though they play a necessary role in a variety of physiological processes, 
dysregulation of cytokines has long been associated with human diseases, especially 
those that involve acute or chronic inflammation. Renowned immunologist and physician 
Charles Dinarello describes the paradoxical role of cytokines particularly well: 
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“Here lies the conundrum in cytokine biology, particularly for the 
immunologist. The innate response is required for host survival but is also 
causative in disease. For example, interferon (IFN)-γ, essential for 
defense against several intracellular microorganisms such as 
Mycobacterium tuberculosis, is also a major cytokine in the pathogenesis 
of several autoimmune diseases. The issue of the “good cytokine versus 
the bad cytokine” has its greatest impact in therapeutic arena. IL-2 is 
needed for the generation of cytotoxic T cells (CTL) and forms the basis 
for several vaccines but the same cytokine drives graft-versus-host 
disease and limits the success of bone marrow transplantation” [13]. 
 
Compared to immune-mediated pathologies like graft-versus-host disease, 
cytokines play a less obvious—though equally important—role in the pathogenesis of 
skeletal muscle diseases. Below, we briefly review reports of cytokine involvement in 
three muscle disorders: muscular dystrophy, cachexia, and sarcopenia. 
Muscular dystrophy—Muscular dystrophy is a broad term for the suite of 
diseases that are characterized by progressive loss of skeletal muscle function and 
strength. The variants of muscular dystrophy include limb-girdle, Becker, Walker-
Warburg, and Emery-Dreifuss, to name a few. Each of these dystrophies are caused by 
different genetic mutations, and they feature distinct patterns of muscular weakness [24]. 
The most common and perhaps most studied variant, Duchenne muscular dystrophy 
(DMD), is caused by mutations in the dystrophin gene [25] leading to complete loss of 
expression of the dystrophin protein. Dystrophin is found in the membranous 
sarcolemma of muscle fibers and is an essential component of the dystrophin-
associated protein complex, which provides structural integrity to contracting myofibers 
[26]. As such, patients with DMD generally present in late childhood with increasing 
weakness in the limbs and shoulders, which progressively worsens with age [24]. 
 While not directly responsible for the development of DMD, cytokines may indeed 
be involved in the pathogenesis of dystrophic muscle symptoms. One study 
demonstrated that the muscles of patients with Duchenne or Becker muscular dystrophy 
contain higher levels of the cytokine transforming growth factor (TGF)-β [27], which 
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promotes both the fibrosis and impaired regeneration phenotypes seen in muscular 
dystrophies [27, 28]. Similarly, heightened levels of NF-κB activation in the myofibers 
and immune cells of the DMD mdx mouse model has been linked to fibrosis and poor 
regeneration [29], and activation of NF-κB is often downstream of the TNF family of 
cytokines [30]. Indeed, a common therapy for DMD is low-dose treatment with the 
corticosteroid prednisolone, which slows progressive loss of muscle strength and 
function [31, 32], likely through mild immunosuppression. 
Cachexia—Cachexia is characterized by extreme wasting of lean body mass 
and occurs with an underlying chronic illness, such as cancer, congestive cardiac failure, 
or AIDS [33]. The development of cachexia in a chronically ill patient brings bad tidings, 
as it is associated with a poorer overall prognosis and survival rate. Indeed, cachexia is 
the cause of 20% of all cancer-related deaths [34]. Muscle atrophy during cachexic 
states ultimately stems from ubiquitin-mediated breakdown of myofibrils [35].  
Significantly, a well-documented association exists between cachexia and the 
dysregulation of cytokines, most notably the pro-inflammatory cytokines tumor necrosis 
factor alpha (TNFα), interleukin-1 (IL-1), and interleukin-6 (IL-6) [35, 36]. However, 
clinical trials aimed at pharmacologically inhibiting each of these cytokines individually 
have had limited success in reversing the symptoms of cachexia [35]. It is possible that 
TNFα, IL-1, and IL-6 play an important, interconnected role in muscle wasting, but other 
factors—perhaps other cytokines—are also at work. This hypothesis is bolstered by a 
recent study demonstrating that inhibition of Fn14, the receptor for TNF family member 
Tnfsf12 (TWEAK), can ameliorate cachexia and prolong survival in tumor-bearing mice 
[37]. Interestingly, this effect was only achieved by inhibiting tumoral Fn14, not the 
endogenous TWEAK-Fn14 axis [37], indicating that Fn14+ tumors may be secreting 
another unknown factor that signals muscle atrophy. The exact mechanism and 
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physiological source of pro-inflammatory cytokines in cachexic skeletal muscle atrophy 
is still unclear. 
Sarcopenia—The progressive loss of muscle mass that comes with advancing 
age is termed sarcopenia. This form of muscular atrophy is quite common, affecting 
approximately 50% of people over the age of 80 [35]. Sarcopenia occurs in the absence 
of any underlying illness, and is correlated with physical frailty [35, 38, 39]. Frailty 
detracts from safety and quality of life in the aging population, due to its close 
association with increased incidence of falls and fractures, hospitalization, and mortality 
[35, 38, 39]. The clinical definition of frailty requires meeting at least three of the 
following criteria: unintentional weight loss, exhaustion, weakness as measured by grip 
strength, slow pace of walking, and low physical activity [39].  
Similar to cachexia, the pro-inflammatory cytokines TNFα and IL-6 are highly 
correlated with loss of muscle mass, osteoporosis, and overall increased markers of 
frailty in the aging population [35, 38]. Indeed, TNFα alone is capable of inducing muscle 
breakdown, possibly via both NF-κB activation and upregulation of ubiquitin ligases [40, 
41]. However, it is likely that other cytokines also play a role in pathological muscle 
breakdown. The TNF family member TWEAK, for example, can induce muscle wasting 
in mice, also through NF-κB [42, 43]. Additionally, sarcopenic muscle demonstrates 
increased levels of cell death [35], a process commonly directed by a variety of 
cytokines. A better understanding of the network of cytokines involved in the 
maintenance of muscle mass—as well as how those cytokines are regulated—could 
shine some light on how muscle catabolism increases with age and how to prevent it. 
I.2.4. A note about “myokines” 
While technically defined as any cytokine secreted from skeletal muscle cells, the 
term “myokine” has come to represent in the literature primarily those cytokines that are 
released from muscle cells but exert beneficial effects on other cell types in a paracrine 
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or endocrine manner (reviewed in [44, 45]).  Often the focus of myokine studies is on 
proteins released during muscle contraction, in an effort to identify novel anti-
inflammatory factors that may mediate the health benefits of exercise, as well as factors 
that may exert metabolic regulation. Some well-known examples of myokines include IL-
6 and irisin. IL-6 is secreted by exercising muscles and has been touted as the first 
myokine [46]. At normal physiological levels, IL-6 may be beneficial primarily through 
suppression of the pro-inflammatory TNFα expression [47], as well as by enhancing 
glucose and lipid metabolism [48].  
Irisin secretion is also induced by exercise, and leads to “browning” of white 
adipose tissue through upregulation of the uncoupling protein UCP1, thereby decreasing 
obesity and insulin resistance in mice fed a high-fat diet [49]. Though the role of 
myokines in overall metabolic function remains an active area of research, our interest 
lies more specifically in those cytokines made by muscle cells to influence skeletal 
myogenesis. Thus, this thesis will focus instead on cytokines with demonstrated cell-
autonomous functions in skeletal muscle growth, differentiation, and repair. 
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Fig. I.1. Schematic diagram of a developing embryo in cross-section  
Skeletal muscles arise from the dermomyotome, a region found in paired mesodermal 
tissue blocks called somites. The somites flank the neural tube and notochord, and 












Fig. I.2. Sequential expression of the MyoD family in the embryo  
The members of the MyoD family of transcription factors are activated sequentially 
during the early stages of embryonic myogenesis. Myf5 expression is the earliest, 
beginning in the epaxial dermomyotome. Myf5, Mrf4, and MyoD are necessary for 
specification of committed myoblasts, while Mrf4 and myogenin are involved in the later 
steps of myogenic differentiation.  
Myf5 Mrf4 MyoD myogenin 




Fig. I.3. Skeletal muscle regeneration 
In mature muscle, myogenesis occurs in response to injury via activation of quiescent 
satellite cells. These cells divide to make numerous daughter myoblasts, which 
subsequently proceed through the myogenic differentiation program to reform the 
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Fig. I.4. Skeletal muscle regeneration after BaCl2-induced injury  
The tibialis anterior (TA) muscle of a male 8-10 week old FVB mouse was injured via 
injection of 1.2% barium chloride (BaCl2). An equal volume of saline (0.9% NaCl) was 
injected in the opposite hindlimb as a non-injury control. Whole muscles were isolated 
from mice on days 1, 3, 5, 7, and 14 after injury. Each muscle was frozen in 2-
methylbutane, cryosectioned, and stained with hematoxylin and eosin (H&E). 
Regenerating myofibers containing centrally-located nuclei can be seen from day 5 after 





Table I.1. Summary of muscle-derived cytokines with reported positive or negative 
regulatory function in myogenesis 
The results of a literature search for cytokines reported to be both expressed in muscle 
cells and with a myogenic function. “+” indicates a positive regulator of myogenesis while 
“-“ indicates a negative regulator. 
 
 
Family Cytokine Other names Myogenic Function References 
Chemokines 
Cxcl12 SDF1 + [17, 50-55] 
Cxcl14 BRAK - Chapter IV 
Cxcl16  + [56] 
Ccl2 MCP1 + [57-60] 
Ccl8 MCP2 + Chapter V 
Cx3cl1 Fractalkine - [61, 62] 
Growth Factors 
IGF1  + [63-66] 
IGF2  + [12, 67, 68] 
HGF Scatter factor + in MPC activation, - in diffrentiation [69-74] 
PDGF  - [75-78] 
NGF  + [79, 80] 
VEGF  + [81-83] 
TGFβ  - [84-87] 
Myostatin GDF8 - [88-94] 
GDF11  - [95-97] 
FGF1 Acidic FGF - [98] 
FGF2 Basic FGF - [98-100] 
FGF6  + [101-103] 
FGF8  + [104, 105] 
FGF13  - [106] 
CCN2 CTGF - [107-110] 
CCN3 NOV - [111, 112] 
Progranulin  + [113, 114] 
Follistatin  + [115-122] 
Activin A  - [116, 123-126] 
BMP2  - [123, 127] 
BMP4  - [128-130] 
BMP7  + [123, 131] 
BDNF  + [132, 133] 
Hedgehogs SHH  + [134-137] 




IL-1  - [141-147] 
IL-4  + [148] 
IL-6  + at low levels, - at high levels [47, 149, 150] 
IL-7  - [151] 
IL-8  + [152] 
IL-10  + [153-158] 
IL-12  + [159, 160] 
IL-13  + [148, 161] 
IL-15  + [162-170] 
IL-17  - [171, 172] 
LIF  + in early diff,  - in later diff [173-177] 
CT-1  - [178, 179] 
OSM  - [180] 
CNTF  + [181, 182] 




TNFα Cachectin - [141, 186-191] 
Tnfsf12 TWEAK - [42, 43, 192] 
Tnfsf14 LIGHT + [193] 
Tyrosine 
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CHAPTER II: RNAI SCREEN REVEALS POTENTIALLY NOVEL ROLES OF 
CYTOKINES IN MYOBLAST DIFFERENTIATION1  
 
II.1. Introduction 
During embryonic skeletal myogenesis, cells in somites are guided by various 
environmental cues to undergo myogenic commitment, and pass along the myogenic 
pathway by terminal differentiation and fusion to form multinucleated myofibers [1, 2]. In 
adult skeletal muscles, injury or other remodeling cues induce satellite cell activation and 
proliferation, followed by differentiation to form new myofibers or repair existing ones [3]. 
Skeletal myogenesis in vivo can be largely recapitulated by differentiation of cultured 
myoblasts, which follows a series of ordered steps including cell cycle withdrawal, 
myogenic protein expression, cell elongation, migration, and fusion to form myotubes [4].  
Cytokines are broadly defined as cell-secreted signaling proteins that modulate 
cellular functions. The earliest defined cytokines were those secreted by immune cells to 
modulate immune responses, such as interleukins [5, 6]. Other major families of 
cytokines include the TNFα family [7] and the TGFβ family [8]. Chemokines are a family 
of structurally related cytokines that regulate chemotaxis by signaling through the G 
protein coupled receptor family of chemokine receptors [9], and are best known for their 
functions in immune cells. The expression and function of various cytokines in skeletal 
muscle have also been reported. For instance, myostatin, a TGFβ family member, is 
expressed almost exclusively in skeletal muscle and negatively regulates muscle mass 
[10]. On the other hand, the expression of follistatin, which antagonizes myostatin and 
promotes myocyte fusion [11, 12], is not restricted to muscle. The prototypic 
                                                
1 This work was performed in collaboration with Dr. Yejing Ge and published as:  
Ge, Yejing, Rachel J. Waldemer, Ramakrishna Nalluri, Paul D. Nuzzi, and Jie Chen. 
RNAi screen reveals potentially novel roles of cytokines in myoblast differentiation. PLoS 
One, 2013: e68068. 
 36 
immunoregulatory cytokine interleukin-4 (IL-4) has been found to be expressed in 
skeletal myocytes and play a key role in myoblast recruitment and late-stage fusion to 
allow growth of myotubes/myofibers [13]. Interleukin-6 (IL-6) is also expressed in muscle 
[14, 15], and it promotes myogenic differentiation [14, 16] as well as satellite cell 
proliferation during muscle growth [15]. Some cytokines that reportedly modulate 
myogenic differentiation have not been shown to be expressed in muscle cells and may 
act through endocrine or paracrine mechanisms, the bone morphogenic proteins (BMPs) 
being an example [17, 18]. 
Injury-induced muscle regeneration is accompanied by immune cell infiltration 
and inflammatory responses. Many cytokines have been found to be expressed in 
regenerating muscles (e.g., [19]), but the source of these cytokines can be infiltrating 
immune cells or muscle cells, or both. Recent proteomic analyses of the secretome of 
the myogenic C2C12 cells have revealed tens of cytokines and growth factors that are 
expressed during differentiation in a regulated manner [20, 21]. Another study has 
identified numerous chemokine mRNAs expressed by differentiating mouse primary 
myocytes in culture [22], which may be involved in regulating cell migration during 
myogenesis. It is possible that other processes of myogenic differentiation may also be 
regulated by various families of cytokines. To systematically examine the potential roles 
of cytokines in skeletal myogenesis, we took an RNAi approach to screen a large portion 
of cytokine genes in the mouse genome for their involvement in the differentiation of 
C2C12 myoblasts. A wide range of cytokines has been identified from this screen as 
candidates for positive and negative regulators of myogenic differentiation. Based on the 
knockdown phenotypes, these candidates are divided into four groups. Selected 




II.2. Materials and Methods 
II.2.1. Reagents  
Anti-MHC (MF20) was obtained from the Developmental Studies Hybridoma 
Bank developed under the auspices of the NICHD, National Institutes of Health and 
maintained by The University of Iowa, Department of Biological Sciences. Anti-mouse 
IgG-FITC was from Jackson ImmunoResearch Laboratories, Inc. All shRNA constructs 
(in the pLKO lentiviral vector) in the form of bacterial glycerol stocks were purchased 
from Sigma-Aldrich (MISSION® TRC). All other reagents were also from Sigma-Aldrich.  
II.2.2. Cell culture  
C2C12 myoblasts were maintained in DME containing 1 g/L glucose with 10% 
fetal bovine serum at 37 °C with 7.5% CO2. To induce differentiation, cells were plated 
on tissue culture plates coated with 0.2% gelatin and grown to 75-100% confluence 
before switching to differentiation medium (DME containing 2% horse serum). The cells 
were replenished with fresh differentiation medium daily for 3 days.  
II.2.3. Lentivirus-mediated RNAi screen and other shRNA constructs 
Lentivirus packaging was performed as previously described [23], scaled down for the 
96-well format. A panel of 134 cytokine genes was selected and for each gene, 2-5 
shRNA constructs were used (Table 1). A non-targeting shRNA (Addgene plasmid 1864; 
[24]) was included as a negative control. For the primary screen, C2C12 myoblasts 
seeded in 96-well plates were transduced with individual lentiviruses and selected in 3 
µg/mL puromycin for 2 days, followed by 3-day differentiation. Each experiment included 
the control shRNA virus at several titers of viral transduction, resulting in several 
different cell densities at the time of differentiation. Comparisons were made to the 
control of similar cell density (nuclei number). Each knockdown was repeated as least 3 
times. The secondary screen was performed with C2C12 cells seeded in 12-well plates, 
and the shRNAs of primary hits were examined in several groups. The control shRNA 
 38 
was included in each group from viral packaging, infection to differentiation for side-by-
side comparison. Myocytes at the end of differentiation were fixed and immuno-stained 
for MHC and DAPI. Myotube formation was quantified by differentiation index, fusion 
index, and myonuclei number per myotube (see below for detailed description). 
II.2.4. Immunofluorescence microscopy and quantitative analysis of 
myocytes  
Differentiated C2C12 cells were fixed and stained for MHC and DAPI as 
previously described [25]. The stained cells were examined with a Leica DMI 4000B 
fluorescence microscope, and the fluorescent images were captured using a RETIGA 
EXi camera, and analyzed with Q-capture Pro51 software (Q-ImagingTM). The 
differentiation index (% of nuclei in MHC-positive myocytes), fusion index (% of nuclei in 
MHC-positive myotubes with at least 2 nuclei), and myonuclei number per myotube were 
calculated. Each data point was generated from quantifying all cells in 5 randomly 
chosen microscopic fields, totaling 1000-2500 nuclei. 
II.2.5. RT-PCR  
C2C12 cells were lysed in Trizol (Invitrogen), and total RNA was isolated 
following the manufacturer’s protocol. cDNA was synthesized from 1 µg RNA using 
qScript cDNA synthesis kit (Quanta Biosciences) according to the manufacturer’s 
protocol, followed by PCR using gene-specific primers for limited cycles (15-25). β-actin 
was used as a loading control. The sequences of primers used in this study are shown in 
Table 2. The PCR bands were quantified by densitometry, and normalized to β-actin 
control. 
II.2.6. Statistical analysis  
All data are presented as mean ± SD (n≥3). Whenever necessary, statistical 
significance of the data comparison was analyzed by performing one-sample or paired t 
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II.3.1. An RNAi screen of cytokines for novel regulators of myoblast differentiation 
To search for cytokines potentially involved in myoblast differentiation in a cell-
autonomous manner, we carried out an RNAi-based functional screen in mouse C2C12 
myoblasts. In determining the coverage of this screen, we did not limit the gene set to 
those reported to express in skeletal myocytes or muscles. We reasoned that such 
expression profiling was incomplete at the time of our screen and, in addition, some 
bona fide myogenic cytokines might be expressed at ultra-low levels in C2C12 cells but 
nevertheless functional in those cells, IL-4 being an example (our unpublished 
observations). Instead, the screen was performed with the TRC collection of lentivirus-
delivered shRNAs targeting mouse cytokine genes that were not yet reported to have a 
clear cell-autonomous myogenic function at the time that we initiated the screen. The 
pLKO vector-based TRC lentivirus system had been used extensively in our previous 
studies with C2C12 cells, and no toxicity had been found with infection by the control 
virus expressing a non-targeting hairpin sequence (e.g., [26]). 
A total of 134 genes were included in the primary screen, each targeted by 2 to 5 
distinct shRNA constructs (Table 1), some of which were commercially validated for 
efficient knockdown. C2C12 myoblasts were infected with lentiviruses expressing 
shRNAs in a 96-well format, selected with puromycin (for the lentiviral vector), and 
subsequently induced by serum withdrawal to undergo myogenic differentiation (Fig. 
1A). At the end of 3-day differentiation, cells were immuno-stained with the MF-20 
antibody, which recognizes all isoforms of sarcomeric myosin heavy chain (MHC) 
expressed in differentiating myocytes [27], and visually inspected under the microscope 
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for changes in myotube size and number. The primary screen was repeated 3 times, and 
genes with at least 2 shRNAs consistently eliciting a visible change in myotubes were 
considered primary hits. The primary hits were then subjected to secondary screen (Fig. 
1A). C2C12 cells were seeded in 12-well plates and infected by the shRNA-expressing 
lentiviruses, followed by puromycin selection and then differentiation for 3 days. Upon 
MHC and DAPI staining, the myocytes were quantified for three parameters: 
differentiation index defined as percentage of nuclei in MHC-positive cells, fusion index 
defined as percentage of nuclei in cells containing 2 or more nuclei (myotubes), and 
average myonuclei number per myotube as a measurement of myotube size.  
The chemokine Cxcl12 (also named SDF-1) was included in the screen as a 
positive control, since it is expressed by myoblasts and muscle tissues, and regulates 
myoblast migration and myocyte fusion through its receptor CXCR4 [22, 28-30]. Cxcl12 
was indeed recovered as a positive hit. Cxcl12 knockdown by two independent shRNAs 
resulted in smaller myotubes as indicated by decreased fusion index and average 
myonuclei number, without affecting the differentiation index (Fig. 1B&C). This result 
recapitulates the observation by Griffin et al. in mouse primary myoblasts [22], in full 
agreement with the reported role of Cxcl12-CXCR4 in regulating myocyte migration and 
fusion in both primary myoblast [22] and C2C12 cultures [28]. Of note, Odemis et al. [31] 
reported that recombinant SDF-1 inhibits C2C12 differentiation, which is at odds with our 
and others’ observations. Although clonal variation of C2C12 could be one explanation 
for this discrepancy, it should also be pointed out that the results of Odemis et al. came 
from adding recombinant SDF-1 to the cultures [31] whereas knockdown of SDF-1 was 
performed by Griffin et al. [22] and in our study. It is possible that SDF-1/Cxcl12 has 
multiple functions in regulating distinct steps of myogenic differentiation, and different 
experimental approaches may reveal different functions. Taken together, our 
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observation with Cxcl12 knockdown suggested that the experimental system was 
sufficiently robust for the screen. 
II.3.2. A variety of cytokines are candidate regulators of myoblast differentiation 
With 2 independent shRNAs for the same gene eliciting consistent phenotype as 
the criterion, our secondary screen led to the identification of 29 genes (22% of genes 
screened) as potential regulators of myoblast differentiation (Table 3). The results of 
myotube quantification for the knockdown of these genes are shown in Table 4, with 
additional data shown in Figs. 2-6. These genes represent a diverse collection of 
cytokines, including interleukins, TNF-related factors, chemokines, and other families. 
Interestingly, this candidate list consists of a higher number of potentially negative 
regulators (23) than positive ones (6) (Table 3). Although this may reflect the secretion of 
a large number of differentiation suppressors by myoblasts to maintain undifferentiated 
state and homeostasis, it is equally possible that our assay was biased toward revealing 
an enhanced differentiation phenotype due to sub-optimal differentiation conditions 
associated with the 96-well format screen.  
Despite the much smaller size of the positive regulator list, different classes of 
cytokines are found in each of the two lists, including TNF superfamily members, two 
major subclasses of chemokines (Ccl and Cxcl families), and others. However, the six 
interleukins identified are all potential negative regulators, in contrast to the reported 
positive functions of IL-4 [13] and IL-6 [14, 16] in myogenesis. This may not be surprising 
given the diverse functions of interleukins in other cellular contexts. 
Pavlath and colleagues recently reported the mRNA expression of numerous 
cytokines/ chemokines, their receptors, and related signaling molecules in myoblasts 
and/or differentiating myocytes [22]. Of the 51 cytokines/chemokines reported to be 
expressed, 45 are among the 134 genes covered by our RNAi screen, and 12 of them 
are in our positive hit list (Table 3) in addition to Cxcl12. Henningsen et al. identified 59 
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cytokines and growth factors secreted by differentiating C2C12 cells in a regulated 
manner [20], of which 14 were included in our screen and 2 emerged as positive hits 
(Ccl8 and Gdf15) other than Cxcl12. Because we had limited numbers of shRNAs per 
gene and adhered to the two-shRNA-per-gene criterion for scoring phenotypic changes, 
it is possible that we had missed some potential regulators among those shown to be 
expressed in myocytes. 
Based on the phenotypes defined by the 3 parameters – differentiation index, 
fusion index, and average myonuclei number per myotube, we have further divided the 
29 genes into 4 categories – class I-IV (Table 3). The different groups of cytokines likely 
impinge on various processes of differentiation via distinct mechanisms. Below we 
describe validation of representative cytokines from each group. 
II.3.3. Class I: cytokines required for initiation of differentiation 
Of the candidates for positive regulators, 4 cytokines (Ccl8, Cxcl9, Flt3L, and 
Tnfsf14) appeared to regulate an early stage of differentiation because their knockdown 
led to a decrease in differentiation index, as well as fusion index and myotube size 
(Tables 3 and 4). As a representative of this group, the results of Cxcl9 knockdown are 
shown in Fig. 2A&B. Furthermore, Cxcl9 expression in C2C12 cells, and its knockdown 
by two independent shRNAs, were confirmed at the mRNA level by RT-PCR (Fig. 2C). 
Cxcl9 is one of three interferon-induced ligands for the inflammatory chemokine receptor 
CXCR3, a key regulator of inflammation and a major player in autoimmune diseases [32, 
33]. But a function of Cxcl9 in muscle cells has yet to be reported. The other cytokines in 
this group, Ccl8, Flt3L and Tnfsf14, are also known as regulators of immune responses, 
and none has been reported to have a function in myogenesis. Although these 4 
cytokines elicit a similar phenotype when knocked down, they signal through distinct 
families of receptors – the Ccl8 and Cxcl9 receptors are GPCRs, the Flt3L receptor is a 
receptor tyrosine kinase, and the Tnfsf14 receptor belongs to the TNFR superfamily of 
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trimeric receptors. Future characterization of the myogenic signaling pathways activated 
by these cytokines will likely be informative.  
II.3.4. Class II: cytokines regulating myocyte fusion 
The knockdown of Gdf15 and Scgb3a1 resulted in a distinct phenotype – 
reduced fusion index and myotube size with unchanged differentiation index, suggesting 
that, like Cxcl12, these two cytokines may regulate myocyte fusion. Myotube morphology 
and quantification of the indexes for Gdf15 knockdown by two independent shRNAs are 
shown in Fig. 3A&B. The expression and RNAi depletion of Gdf15 were confirmed by 
RT-PCR (Fig. 3C). shRNAs of Scgb3a1 yielded very similar results (Fig. 3D&E). 
However, Scgb3a1 mRNA was not detected by RT-PCR in C2C12 cells at any stage of 
differentiation, thus, the knockdown efficiency was not yet confirmed. Nevertheless, the 
consistent phenotype resulted from two independent shRNAs is likely an on-target 
effect. It is not impossible that a gene expressed at a level below detection has a key 
function. IL-4 is such an example. We confirmed the reported function of IL-4 as a fusion 
factor [13] in C2C12 cells by RNAi, but did not detect IL-4 mRNA in these cells even with 
commercially validated PCR primers (data not shown).  
Gdf15 belongs to the TGFβ superfamily, and has been associated with a range 
of biological processes, most notably erythropoiesis [34]. Scgb3a1, also known as HIN-1 
(high in normal-1), is found to be down-regulated at its gene expression level by 
hypermethylation in many human cancers [35, 36]. The biochemical mechanism of 
Scgb3a1 signaling remains elusive.  
It is noteworthy that both Gdf15 and Scgb3a1 knockdown resulted in stubby, ball-
like myotubes, a morphology resembling that of Brag2-knockdown myotubes reported by 
Pajcini et al., termed “bragball” [37]. Brag2 is a guanine nucleotide exchange factor, and 
it controls ARF6 activation and paxillin localization necessary for myoblast elongation 
and proper fusion [37]. It will be interesting for future studies to examine possible 
 44 
connections between Gdf15 and Scgb3a1 signaling and the Brag2-ARF6-paxillin 
pathway. 
II.3.5. Class III & IV: cytokines inhibiting differentiation 
The majority of candidates identified fell into the group of potential negative 
regulators. As a representative of class III candidates (Table 3), Cxcl10 knockdown by 
two independent shRNAs was confirmed (Fig. 4A), and the enhanced myotube formation 
was evident from myotube morphology (Fig. 4B) and from an increase in all 3 
parameters – differentiation index, fusion index, and average size of myotubes (Fig. 4C). 
Interestingly, Cxcl10 shares the same receptor with Cxcl9 – CXCR3 [32, 33]. Our 
observations suggest that the two ligands may have opposite roles in myogenic 
differentiation (neither reported before). This may not be too surprising considering that 
the inter-relationship among the three CXCR3 ligands – Cxcl9, Cxcl10, and Cxcl11 – is 
complex in immune responses, and that redundancy, synergism, and antagonism are all 
possible [32]. Further investigation of these ligands and their receptor in myogenesis 
should prove interesting. 
The knockdown of another cytokine in class III, TNFα, had very similar effects on 
myotube formation (Fig. 5). TNFα, as a major proinflammatory cytokine, is secreted by 
immune cells at sites of muscle injury and found to suppress myoblast differentiation [38, 
39]. However, it has also been reported that mechanical stimulation leads to release of 
TNFα by myoblasts, which is necessary for myogenic differentiation [40]. It was not clear 
whether the two reported opposing functions of TNFα in myogenic differentiation could 
be attributed to the different sources of TNFα – in one case from the infiltrating immune 
cells and the other from muscle cells. Our results for the first time provide evidence that 
muscle cell-produced TNFα also inhibits differentiation. Apparently, the distinct biological 
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contexts – serum withdrawal versus mechanical stimulation – determine the specific cell-
autonomous function of TNFα.  
 The cytokines in class IV (Table 3) are also candidates of negative regulators. 
However, they are distinct from those in class III in that their knockdown led to increased 
differentiation and fusion indexes without a change in average myonuclei number in 
myotubes. Thus, the higher fusion index was manifested in increased myotube number 
rather than size. The data for IL1f9 knockdown are shown as an example (Fig. 6).  
Six additional cytokines were confirmed for their RNAi knockdown efficiencies. 
They are Cmtm5, Cxcl14, and Gdf3 in class III, and Ccl9, Ccl17, and IL-18 in class IV 
(Fig. 7). Together, these cytokines represent a group of novel inhibitors of myoblast 
differentiation that may control the homeostasis of muscle formation. 
 
II.4. Discussion 
Our RNAi screen has revealed a diverse group of cytokines as potential 
regulators of myogenic differentiation. It is important to point out that this functional 
screen specifically uncovers myoblast/muscle-secreted cytokines that regulate 
myogenesis in a cell-autonomous fashion. While our study was in progress, several 
other cytokines were reported to modulate myogenic differentiation. Cardiotrophin-1 (CT-
1) and Oncostatin M (OSM), both IL-6 family members, have been shown to suppress 
differentiation and muscle regeneration [41, 42]. On the other hand, granulocyte colony 
stimulating factor (G-CSF) stimulates myoblast proliferation and supports muscle 
regeneration [43]. It is not clear from the reports, however, whether any of those 
cytokines function cell-autonomously in skeletal muscle. All three genes were included in 
our RNAi screen; they did not make it to the positive hit list, but each had one shRNA 
eliciting a phenotype consistent with its reported myogenic function (data not shown). 
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Deeper interrogation of the genes in the initial list (Table 1) with better shRNA coverage 
may reveal additional candidates for myogenic factors.  
Together with the recent realization that numerous cytokines and chemokines 
are expressed in muscle cells [20-22], our findings suggest widespread involvement of 
these immunoregulatory molecules in myogenesis that is independent of their 
immunological functions. Further investigations will be necessary to uncover the cellular 
and molecular pathways by which these cytokines function in myogenesis, and may 






II.5. Figures and Tables 
 
Fig. II.1. RNAi screen procedure and control 
(A) A flow chart of the screening process. For the primary screen, lentiviruses 
expressing shRNAs against 134 genes, packaged in 96-well plates, were used to 
transduce C2C12 myoblasts seeded in 96-well plates. After 2 days of puromycin 
selection, the cells were induced to differentiate for 3 days, at the end of which they were 
fixed and stained for MHC and DAPI. shRNAs that induced morphological changes 
detectable by visual inspection were subjected to secondary screen with C2C12 cells 
seeded in 12-well plates, following the procedure described above. Quantification of 
myotube formation was then performed.  
(B) As a positive control, Cxcl12 was included in the screen and recovered as a positive 
hit. Shown are results of the secondary screen with two independent shRNAs. Cells 
were stained for MHC and DAPI, pseudo-colored green and red, respectively. A non-
targeting shRNA served as a negative control.  
(C) Myotube formation in B was quantified for differentiation index, fusion index and 
average nuclei number per myotube (see Material and Methods for definition). Data 
shown are mean ± SD (n = 3). Paired t test was performed to compare data to control. 




Fig. II.2. Knockdown of Cxcl9 impairs overall myoblast differentiation  
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs for 
Cxcl9, selected by puromycin for 2 days, and differentiated for 3 days.  
(A) At the end of differentiation, the cells were fixed and immuno-stained for MHC 
(green), and DAPI stain (red) identified nuclei. Scale bar: 100 µm.  
(B) Myotube formation in A was quantified for differentiation index, fusion index and 
average nuclei number per myotube.  
(C) Before differentiation, total RNA was isolated from transduced and selected cells, 
and subjected to RT-PCR. Data shown are mean ± SD (n = 3). Paired (for B) or one-





Fig. II.3. Knockdown of Gdf15 or Scgb3a1 impairs myoblast fusion 
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs for 
Gdf15 (A-C) or Scgb3a1 (D-E) as described in Fig. II.2 legend.  
(A) MHC (green) and DAPI (red) staining of Gdf15 knockdown cells at the end of 3-day 
differentiation.  
(B) Quantification of myotube formation shown in A.  
(C) RT-PCR results for Gdf15 mRNA.  
(D) MHC (green) and DAPI (red) staining of Scgb3a1 knockdown cells at the end of 3-
day differentiation.  
(E) Quantification of myotube formation shown in D. Data shown are mean ± SD (n = 3). 
One sample (C) or paired (B & E) t tests were performed to compare data to control. *P 





Fig. II.4. Knockdown of Cxcl10 enhances myoblast differentiation  
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs for 
Cxcl10 as described in Fig. II.2 legend.  
(A) RT-PCR results for Cxcl12 mRNA.  
(B) MHC (green) and DAPI (red) staining of Cxcl10 knockdown cells at the end of 3-day 
differentiation. Scale bar: 100 µm.  
(C) Quantification of myotube formation shown in B. Data shown are mean ± SD (n = 3). 






Fig. II.5. Knockdown of TNFα  enhances myoblast differentiation  
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs for 
TNFα as described in Fig. II.2 legend.  
(A) RT-PCR results for TNFα mRNA.  
(B) MHC (green) and DAPI (red) staining of TNFα knockdown cells at the end of 3-day 
differentiation. Scale bar: 100 µm.  
(C) Quantification of myotube formation shown in B. Data shown are mean ± SD (n = 3). 






Fig. II.6. Knockdown of IL1f9 enhances myoblast differentiation without increasing 
myotube size  
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs for 
IL1f9 as described in Fig. II.2 legends.  
(A) RT-PCR results for IL1f9 mRNA.  
(B) MHC (green) and DAPI (red) staining of IL1f9 knockdown cells at the end of 3-day 
differentiation. Scale bar: 100 µm.  
(C) Quantification of myotube formation shown in B. Data shown are mean ± SD (n = 3). 






Fig. II.7. Validation of expression and knockdown of 6 additional candidate genes 
C2C12 myoblasts were transduced overnight with lentiviruses expressing shRNAs as 
indicated. After 2-day puromycin selection, total RNA was extracted and subjected to 
RT-PCR. The results were quantified by densitometry and normalized to β-actin control. 
One sample t test was performed to compare each data point to control. Data shown are 
mean ± SD (n = 3).  *P <0.05. 
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Table II.1. List of cytokine genes and their shRNAs covered in RNAi screen 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table II.1. (continued) 
 
































































































































































Table II.1. (continued) 
 






























































































































































































































































































































































































Table II.1. (continued) 
 










































































































































































































































































































































































Table II.1. (continued) 
 















































































































































































































































































































































































































































































































































































Table II.2. Gene-specific primers for RT-PCR 
 
Gene Forward primer sequence Reverse primer sequence 
Ccl9 tgcctgtcctataactcacg tctctgaactctccgatcac 
Ccl17 gagtgctgcctggattactt ggtctgcacagatgagcttg 
Cmtm5 gacaagaccttcctgtcttc gtgtgatgaggaactctagc 
Cxcl9 atcatcttcctggagcagtg tctccgttcttcagtgtagc 
Cxcl10 ctgcaactgcatccatatcg ggattcagacatctctgctc 
Cxcl12 agccaacgtcaagcatctg caggtactcttggatccac 
Cxcl14 ggtccaagtgtaagtgttcc cctggacatgctcttggtg 
Gdf3 cgagtttcaagactctgacc gctccttcacgtagcataag 
Gdf15 agaggactcgaactcagaac tcagcaggagcagcgctc 
IL1f9 ttgtgacagttccacgaagc ggtgtccattaacttccttac 
IL18 cctgtgttcgaggatatgac ggagagggtagacattttac 




Table II.3. RNAi screening identifies potential regulators of myoblast 
differentiation 
 
RNAi-based functional screening of 134 mouse cytokine genes revealed 29 
candidate regulators of myoblast differentiation, of which 6 are potentially positive 
regulators, and 23 negative regulators. They are further divided into 4 classes based on 
knockdown phenotypes. Class I: decrease in all myotube parameters. Class II: decrease 
in fusion index and average myonuclei number, with unchanged differentiation index. 
Class III: increase in all myotube parameters. Class IV: increase in differentiation and 
fusion indexes, with unchanged average myonuclei number. Those highlighted (bold, 
italic) are examples with data shown in Figs. II.2-6. Data for all the genes listed here are 
shown in Table II.4. 
  
Positive Negative 
I II III IV 
Ccl8 Gdf15 Ccl1 Gdf3 Ccl9 IL18 
Cxcl9 Scgb3a1 Cmtm5 IL5 Ccl17 IL21 
Flt3L  Cmtm6 IL17b Cmtm2a IL1f9 
Tnfsf14  Ctf2 IL17c Ebi3 ILtifb 
  Cxcl2 Scg2   
  Cxcl10 Tnfα    
  Cxcl14 Tnfsf10   
  FasL    
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Table II.4.  Quantification of myotube formation for 29 candidate genes 
Differentiation (“Diff.”) index, fusion index and myotube size (average nuclei 
number per myotube) were calculated for the knockdown of the genes listed in Table 1. 
The data shown are mean ± standard deviation (n=3-6). The experiments were 
performed in 12-well plates in several groups, with the non-targeting control shRNA 
included in each group for viral packaging, infection and differentiation for side-by-side 
comparison. Variation in control values between groups was primarily the result of 
varying cell densities at the induction of differentiation. Statistical analyses were 
performed by t tests to compare each data to the matching control. *P<0.05, **P<0.01.  
 
Gene/shRNA Diff. index Fusion index Myotube size 
Ccl8 
Control 0.24±0.07 0.20±0.07 11.0±5.4 
shRNA #1 0.13±0.05** 0.04±0.01** 2.5±0.2** 
shRNA #2 0.09±0.02** 0.04±0.01** 2.6±0.2** 
Cxcl9 
Control 0.36±0.01 0.34±0.01 8.6±1.3 
shRNA #1 0.25±0.03* 0.22±0.03** 4.9±0.6* 
shRNA #2 0.22±0.02** 0.21±0.04* 4.4±2.1* 
Flt3L 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.15±0.02** 0.12±0.02** 3.8±1.2* 
shRNA #2 0.09±0.02** 0.07±0.02** 2.5±0.5** 
Tnfsf14 
Control 0.27±0.04 0.24±0.04 13.9±1.9 
shRNA #1 0.25±0.04* 0.19±0.04* 5.0±1.5** 
shRNA #2 0.22±0.03* 0.12±0.03* 2.5±0.1** 
Gdf15 
Control 0.29±0.03 0.28±0.04 6.0±1.4 
shRNA #1 0.29±0.02 0.17±0.05* 3.0±0.3* 
shRNA #2 0.26±0.05 0.19±0.01* 2.6±0.5* 
Scgb3a1 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.24±0.03 0.15±0.03* 3.8±0.4** 
shRNA #2 0.24±0.03 0.13±0.06* 4.3±1.3* 
Ccl1 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.34±0.02* 0.33±0.03* 9.2±2.8* 
shRNA #2 0.31±0.01* 0.29±0.03* 10.6±4.0* 
Cmtm5 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.28±0.08* 0.25±0.07* 8.2±1.5* 
shRNA #2 0.27±0.03* 0.24±0.04* 7.1±1.8* 
Cmtm6 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.30±0.09* 0.28±0.10* 12.5±1.2** 




Table II.4.  (continued) 
 
Ctf2 
Control 0.24±0.03 0.22±0.03 6.4±0.6 
shRNA #1 0.32±0.08* 0.30±0.08* 23.2±11.9** 
shRNA #2 0.40±0.08** 0.37±0.10** 16.2±7.4** 
Cxcl2 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.43±0.05** 0.41±0.05** 8.3±0.2* 
shRNA #2 0.40±0.05** 0.39±0.05** 21.6±10.6* 
shRNA #3 0.33±0.06* 0.32±0.06** 15.6±8.1* 
Cxcl10 
Control 0.28±0.03 0.27±0.04 5.7±1.1 
shRNA #1 0.38±0.02* 0.36±0.02* 7.7±1.2* 
shRNA #2 0.35±0.03* 0.34±0.03* 7.2±0.6* 
Cxcl14 
Control 0.27±0.04 0.24±0.04 13.9±1.9 
shRNA #1 0.64±0.01** 0.62±0.01** 49.7±12.1** 
shRNA #2 0.69±0.05** 0.66±0.06** 45.6±18.5** 
FasL 
Control 0.34±0.06 0.31±0.06 8.6±1.0 
shRNA #1 0.43±0.05** 0.43±0.04** 18.0±3.3** 
shRNA #2 0.37±0.03* 0.36±0.02* 13.7±5.8** 
Gdf3 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.33±0.01* 0.32±0.01* 10.2±1.2* 
shRNA #2 0.30±0.02* 0.29±0.02* 9.3±2.5* 
shRNA #3 0.29±0.04* 0.28±0.04* 9.8±2.6* 
Il5 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.35±0.09* 0.31±0.08* 12.4±7.2* 
shRNA #2 0.27±0.08* 0.23±0.09* 8.0 ±0.1* 
Il17b 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.34±0.06* 0.31±0.09* 28.2±6.7** 
shRNA #2 0.32±0.10* 0.31±0.10* 9.3±1.8* 
Il17c 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.37±0.05** 0.36±0.05** 34.4±16.2** 
shRNA #2 0.29±0.01* 0.28±0.02* 11.0±1.7** 
Scg2 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.37±0.12** 0.36±0.11** 22.1±8.1** 
shRNA #2 0.32±0.06* 0.28±0.04* 11.3±4.5* 
Tnfa 
Control 0.30±0.04 0.26±0.03 6.4±1.0 
shRNA #1 0.36±0.03* 0.31±0.02* 8.7±1.8* 
shRNA #2 0.39±0.02* 0.32±0.02* 7.9±1.3* 
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Table II.4.  (continued) 
 
Tnfsf10 
Control 0.27±0.04 0.24±0.04 13.9±1.9 
shRNA #1 0.43±0.05** 0.40±0.06** 19.0±5.1* 
shRNA #2 0.45±0.07** 0.43±0.08** 40.5±13.5** 
shRNA #3 0.51±0.06** 0.50±0.06** 27.2±4.0** 
Ccl9 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.29±0.04* 0.26±0.04* 6.3±1.1 
shRNA #2 0.38±0.06** 0.34±0.06** 6.8±0.9 
Ccl17 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.29±0.12* 0.27±0.13* 7.1±4.0 
shRNA #2 0.34±0.06** 0.32±0.05* 7.6±1.9 
Cmtm2a 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.29±0.08* 0.28±0.07* 7.7±2.2 
shRNA #2 0.30±0.07* 0.29±0.08* 7.8±5.4 
shRNA #3 0.32±0.03* 0.31±0.02* 8.4±2.7 
Ebi3 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.28±0.09* 0.24±0.09* 4.8±1.0 
shRNA #2 0.27±0.06* 0.26±0.07* 7.6±1.9 
Il18 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.35±0.06** 0.33±0.06** 6.2±3.3 
shRNA #2 0.31±0.08* 0.30±0.08* 9.5±4.4 
Il21 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.30±0.11* 0.29±0.11* 7.9±2.9 
shRNA #2 0.31±0.04* 0.26±0.01* 4.3±2.0 
Il1f9 
Control 0.35±0.03 0.33±0.03 7.8±1.4 
shRNA #1 0.47±0.05* 0.45±0.06* 7.7±2.1 
shRNA #2 0.44±0.05* 0.39±0.02* 7.1±2.6 
Iltifb 
Control 0.25±0.04 0.22±0.03 6.2±0.7 
shRNA #1 0.47±0.06** 0.45±0.06** 7.9±2.5 
shRNA #2 0.35±0.05** 0.32±0.06** 5.4±2.1 
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CHAPTER III: MYOCYTE-DERIVED TNFSF14 IS A SURVIVAL FACTOR 




 Tumor Necrosis Factor Superfamily Member 14 (Tnfsf14), also known as 
LIGHT (homologous to lymphotoxins, shows inducible expression, and competes with 
herpes simplex virus glycoprotein D for herpesvirus entry mediator (HVEM), a receptor 
expressed by T lymphocytes), exists in two main forms: a type II transmembrane 
glycoprotein that projects extracellularly, and a soluble cytokine formed by cleavage 
of the extracellular portion of the protein off of the cell membrane.[1] Through its 
receptors in the Tumor Necrosis Factor Receptor (TNFR) superfamily, HVEM (also 
known as TNFRSF14) and Lymphotoxin-β Receptor (LTβR), Tnfsf14 signaling is 
involved in lymphoid organ development and organization, as well as innate and 
adaptive immune responses.[2-4] In recent years Tnfsf14 has also emerged as a 
promising candidate for cancer immunotherapy. [5] 
Tnfsf14 regulates cell survival and apoptosis in lymphocytes and tumor cells, 
and the cellular context determines whether Tnfsf14 is pro-survival or pro-
apoptosis.[5-7] Neither the expression nor the function of Tnfsf14 or its receptors has 
been reported in skeletal muscles. Our current study uncovers Tnfsf14 as a critical 
regulator of myoblast differentiation and muscle regeneration by governing myoblast 
survival, and implicates Tnfsf14 in potential therapeutic development for 
maintenance of muscle health.  																																																								2	This work was published as: Waldemer-Streyer, Rachel J. and Jie Chen. Myocyte-
derived Tnfsf14 is a survival factor necessary for myoblast differentiation and skeletal 
muscle regeneration. Cell Death and Disease, 2015: e2026. 	
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III.2. Materials and Methods 
III.2.1. Antibodies and other reagents  
Anti-MHC (MF20) and Ad5-luciferase adenovirus were obtained from the 
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD, 
National Institutes of Health and maintained by The University of Iowa, Department of 
Biological Sciences. Anti-Tnfsf14 (C-20 or FL-240 [used in IHC for co-labeling with 
myoD]) and anti-HVEM (D-5) for Western and immunohistochemistry were from Santa 
Cruz Biotechnology (Dallas, TX). Anti-tubulin was from Abcam (Cambridge, MA). Anti-
LTβR was from Sigma-Aldrich (St. Louis, MO). Anti-myoD was from Novus Biologicals 
(Littleton, CO). All other primary antibodies were from Cell Signaling Technology 
(Danvers, MA). All secondary antibodies were from Jackson ImmunoResearch 
Laboratories, Inc. (West Grove, PA). Gelatin and BrdU were from Sigma-Aldrich (St. 
Louis, MO). Rat-tail collagen I was from Gibco, Life Technologies. Recombinant 
sTnfsf14 was from PeproTech (Rocky Hill, NJ). Triciribine was from EMD Millipore. 
ELISA kit for detection of mouse sTnfsf14 was from Cloud Clone Corp. (Houston, TX). 
The pCMV6-myristoylated-HA-Akt (c.a.-Akt) plasmid was previously reported.[8] 
III.2.2. Cell culture  
C2C12 myoblasts were maintained in DMEM (4.5 g/L glucose) supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C with 7.5% CO2. To 
induce differentiation, cells were plated on tissue culture plates coated with 0.2% gelatin 
and grown to 100% confluence before switching to differentiation medium (DMEM 
containing 2% horse serum). The cells were replenished with fresh differentiation 
medium daily for 3 days. 
III.2.3. Mouse primary myoblast isolation and differentiation  
Primary myoblasts were isolated from 2- to 5-day-old FVB neonates as described 
previously,[9] and maintained at low density on 50 ug/ml collagen-coated tissue culture 
	 84 
plates. Differentiation was induced at 70-80% cell density in differentiation medium for 2 
days. 
III.2.4. Immunofluorescence microscopy and quantitative analysis of 
myocytes  
C2C12 cells and primary myoblasts differentiated in 12-well plates were fixed 
and stained for MHC and with DAPI as previously described.[9] When probing for 
mTnfsf14, the permeabilization step was omitted. Cells were examined with a Leica DMI 
4000B fluorescence microscope. The fluorescent images were captured using a 
RETIGA EXi camera, and analyzed with Image Pro Express software (Media 
Cybernetics). The fusion index was calculated as the percentage of nuclei in myotubes 
with ≥2 nuclei. Each data point was generated from quantifying all cells in 5 randomly 
chosen microscopic fields, totaling 2000–3500 nuclei for C2C12 cells and 300-900 nuclei 
for primary myoblasts.  
III.2.5. Lentivirus-mediated RNAi  
shRNAs in the pLKO.1-puro vector were purchased from Sigma-Aldrich 
(MISSION® TRC). Clone IDs are: shTnfsf14 #1, TRCN0000066398; shTnfsf14 #2, 
TRCN0000066400; shHVEM #1, TRCN0000065856; shHVEM #2, TRCN0000065857; 
shLTβR #1,	TRCN0000065456; shLTβR #2: TRCN0000065457. A hairpin of scrambled 
sequence (shScramble) as a negative control and lentivirus packaging were previously 
described.[10] Virally transduced C2C12 cells were selected in 3 µg/ml puromycin for 2 
days, followed by differentiation in media containing puromycin for 3 days. Virally 
transduced primary myoblasts were induced to differentiate without puromycin selection. 
III.2.6. Adenovirus-mediated Tnfsf14 overexpression  
Adenovirus expressing Tnfsf14 (Ad-mTnfsf14; a kind gift from Dr. Yang-Xin Fu of 
the University of Chicago) [11] and a control Ad5 adenovirus expressing luciferase (Ad-
luc) were amplified in HEK AD293 cells. Briefly, a small amount of virus was used to 
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infect AD293 cells. Two to three days post-transfection, the cells were detached from the 
plate via pipetting and centrifuged at 400x g for 5 minutes.  Cells were then resuspended 
in PBS and subjected to four rounds of freeze/thaw cycles. The samples were 
centrifuged again at 10,000x g for 10 minutes, after which the supernatant was collected 
and used directly to infect C2C12 cells or primary myoblasts. 
III.2.7. Quantitative RT-PCR  
C2C12 cells or regenerating muscles were lysed in Trizol (Invitrogen), and RNA 
was isolated following the manufacturer's protocol. cDNA was synthesized from 1 µg 
RNA using the RealMasterScript SuperMix cDNA synthesis kit (5Prime) following the 
manufacturer's protocol, followed by quantitative PCR on a StepOne Plus (Applied 
Biosystems) using gene specific primers. β-actin was used as a reference to obtain the 
relative fold change for target samples using the comparative CT method.  Mouse β-actin 
primers: forward 5′-ttgctgacaggatgcagaag-3′; reverse 5′-atccacatctgctggaaggt-3′. Pre-
validated mouse Tnfsf14 primers were purchased from Qiagen (QuantiTect Primer 
Assays). Mouse HVEM and LTβR primers were previously published.[12, 13] 
III.2.8. Western blotting  
Cells were lysed in SDS sample buffer with 10% β-mercaptoethanol. Proteins 
were resolved by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) 
membrane (Millipore) and incubated with various antibodies following the manufacturers’ 
recommendations. Detection of horseradish peroxidase-conjugated secondary 
antibodies was performed with chemiluminescence solution (100 mM Tris-HCl, 0.009% 
H2O2, 225 µM coumaric acid, 1.25 mM luminol) and developed on x-ray films. 
Quantification of western blot band intensities was performed by densitometry of x-ray 




III.2.9. Cell proliferation and apoptosis assays  
To measure proliferation of C2C12 cells, BrdU labeling was performed as 
previously described.[10] To assess apoptosis, TUNEL assays were performed following 
manufacturer’s manual (Promega).  
III.2.10. Injury-induced muscle regeneration and manipulation of Tnfsf14 
expression in mice  
Male FVB mice aged 8-10 weeks were used in all the regeneration experiments. 
Muscle injury was induced by injection of BaCl2 (50 µl of 1.2% w/v in saline) into TA 
muscles as previously described.[14] On various days after injury, the mice were 
euthanized, and the TA muscles were collected, followed by RNA extraction, or 
cryosection and staining. To knock down Tnfsf14, shTnfsf14 viruses (and shScramble as 
control) as described above but concentrated to 100x via ultracentifugation were co-
injected with BaCl2 into mouse hind limb TA muscles. To overexpress Tnfsf14, Ad-
mTnfsf14 (Ad-luc as control) described above was co-injected with BaCl2 into TA 
muscles. The injected muscles were collected 5, 7, or 14 days after injury and subjected 
to RNA isolation or cryosection. 
III.2.11. Muscle tissue cryosection, hematoxylin and eosin staining, and 
immunohistochemistry  
TA muscles were isolated, frozen in liquid-nitrogen-cooled 2-methylbutane, and 
embedded in TBS tissue freezing medium (Thermo Fisher Scientific). Sections of 10-µm 
thickness were obtained with a cryostat (Microm HM550; Thermo Fisher Scientific) at 
−20°C, placed on uncoated slides, and stained with hematoxylin and eosin (H&E). 
Separately, the sections were fixed by 1.5% paraformaldehyde, incubated with anti-
Tnfsf14, HVEM, LTβR, or cleaved PARP antibody, followed by incubation with Alexa-
conjugated secondary antibodies and DAPI. Imaging was performed with a fluorescence 
microscope (DMI 4000B; Leica) with a 20× dry objective (Fluotar, numerical aperture 
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0.4; Leica). The bright field and fluorescence images were captured at 24 bit and 8 bit, 
respectively, at room temperature using a camera (RETIGA EXi; Q-Imaging) equipped 
with Image Pro Express software (Media Cybernetics). The images were then processed 
in Photoshop CS5 (Adobe), where brightness and contrast were adjusted. Fluorescence 
images were pseudo-colored and adjusted, when necessary, by identical parameters for 
all samples in the same experiment. A total area of 464,000 µm2 from the degenerated 
regions of each TA muscle was scored for centrally nucleated regenerating myofiber 
numbers and their cross-sectional area (CSA).  The CSA of a minimum of 100 myofibers 
was measured to generate each data point. 
III.2.12. Statistics  
All data shown are representative results of at least 3 independent experiments, 
or n ≥ 5 for animal experiments. All quantitative data are presented as mean ± standard 
deviation (SD).  Whenever necessary, statistical significance of the data comparison was 
analyzed by performing one-sample or paired two-tailed t-tests. * P<0.05; ** P<0.01. 
III.2.13. Study Approval  
All animal experiments in this study followed protocols approved by the Animal 
Care and Use Committee at the University of Illinois at Urbana-Champaign.  
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III.3. Results 
III.3.1. Tnfsf14 is required for myoblast differentiation 
 The mouse myoblast cell line C2C12 offers a convenient in vitro system to study 
myoblast differentiation as well as the effects of gene knockdown by lentivirus-delivered 
shRNA. We found that knockdown of Tnfsf14 (Fig. 1A) significantly impaired C2C12 
myotube formation, as indicated by myosin heavy chain (MHC) staining of the myocytes 
and quantification of the fusion index (Fig. 1B).  Two independent shRNAs yielded 
similar results, confirming the specificity of RNAi targeting. Moreover, Tnfsf14 depletion 
in C2C12 cells reduced the expression of muscle differentiation-specific proteins (Fig. 
1C), including the early myogenic markers MEF2A, p21, and myogenin. This result 
suggests that Tnfsf14 functions during the early stages of differentiation.  
We set out to examine the expression and function of Tnfsf14 in myoblasts. As 
shown in Fig. 1D, we found that Tnfsf14 expression increased over the course of 
differentiation at the mRNA level. The amount of the soluble cytokine (sTnfsf14) 
detected in the media by ELISA also increased during differentiation significantly (Fig. 
1E), although the concentrations were only at the lowest detection threshold of the 
assay. To probe the membrane-bound form (mTnfsf14), we immunofluorescently labeled 
differentiating myoblasts that had been washed to remove sTnfsf14, but that were not 
permeabilized, thus ensuring that all signal came from the external side of the cells. We 
observed that mTnfsf14 is lowly expressed in proliferating cells, but appeared suddenly 
at 24 hours of differentiation and persisted in fusing cells as differentiation progressed 
(Fig. 1F). The specificity of antibody labeling was confirmed by Tnfsf14 knockdown (Fig. 
1G). It is possible that mTnfsf14 is the predominant form of this cytokine in muscle cells. 
Nevertheless, the addition of recombinant sTnfsf14 to the differentiation media rescued 
myotube formation in cells depleted of Tnfsf14 (Fig. 1H). A constitutively membrane-
bound form of recombinant Tnfsf14 delivered by adenovirus [11] also fully reversed 
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Tnfsf14 knockdown phenotype (Fig. 1I). Hence, the two forms of Tnfsf14 appeared to 
function similarly in myocytes. These results further validated the on-target effect of 
RNAi. Tnfsf14 knockdown in mouse primary myoblasts also led to impaired myotube 
formation, which was rescued by adding recombinant sTnfsf14 protein to the media (Fig. 
2). Taken together, these observations strongly suggest that Tnfsf14 plays a positive 
cell-autonomous role in skeletal muscle differentiation.  
III.3.2. Tnfsf14 is necessary for maintaining sufficient cell numbers for 
differentiation 
In addition to inhibiting myotube formation, knockdown of Tnfsf14 also reduced 
the number of cells present in culture over the course of differentiation (Fig. 3A). 
Importantly, this decrease in cell number was corrected by adding recombinant sTnfsf14 
to differentiating cells (Fig. 3A). We wondered whether the lower number of cells upon 
Tnfsf14 knockdown was a result of reduced survival in this cell population. Indeed, 
Tnfsf14 depletion increased apoptosis in differentiating myoblasts, as indicated by a 
markedly increased incidence of TUNEL labeling (Fig. 3B) as well as elevated caspase-
3 activation and PARP cleavage (Fig. 3C).  Addition of recombinant sTnfsf14 in Tnfsf14-
depleted cells reversed the cell death rate to normal levels (Fig. 3B). Interestingly, we 
found that Tnfsf14 could also function as a survival factor in proliferating myoblasts 
exposed to etoposide, which is known to induce apoptosis in C2C12 cells.[15] As shown 
in Fig. 4A, recombinant sTnfsf14 drastically reduced the apoptosis rate in etoposide-
treated cells. Hence, the function of Tnfsf14 in supporting myoblast survival is not limited 
to the differentiation process. Of note, cell proliferation as measured by 
bromodeoxyuridine (BrdU) labeling was also diminished by Tnfsf14 knockdown 24 hours 
after the onset of differentiation; BrdU labeling could be restored to normal levels by 
recombinant sTnfsf14 (Fig. 4B). However, since by 24 hours of differentiation myoblasts 
have largely withdrawn from the cell cycle, the further reduction of proliferation is unlikely 
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to contribute significantly to the reduced cell number in Tnfsf14-depleted cells. Instead, 
loss of cell survival is likely responsible.  
In light of the results above, we next asked whether the impaired differentiation 
phenotype upon Tnfsf14 knockdown was a direct consequence of reduced cell number. 
To probe this question, we plated C2C12 cells depleted of Tnfsf14 at increasing 
densities, thus normalizing cell numbers to those of the control by the end of 
differentiation. Remarkably, we found that Tnfsf14-knockdown cells differentiated 
normally when the cell numbers were brought up to control levels (Fig. 3D). This 
observation suggests that Tnfsf14 promotes myogenesis by maintaining a sufficient 
number of myoblasts in the differentiating population. 
III.3.3. HVEM and LTβR, receptors for Tnfsf14, are required for myoblast 
differentiation and survival 
 HVEM and LTβR are established receptors for Tnfsf14 in various types of cells 
[3]. To assess whether Tnfsf14 would also signal through one or both of these receptors 
in skeletal muscle, we first examined the expression of these two receptors in muscle 
cells.  Indeed, we found both receptors to be expressed in C2C12 cells. HVEM 
expression was drastically upregulated over the course of differentiation at both the 
mRNA and protein levels (Fig. 5A, B), whereas LTβR levels were not significantly 
changed (Fig. 5A, B).  Importantly, knockdown of either HVEM or LTβR by lentivirus-
delivered shRNA led to a similar phenotype to that of Tnfsf14 knockdown: impaired 
myotube formation and a lower cell number (Fig. 5C, D, E). The effects were observed 
with two independent shRNAs (Fig. 5F). We did not observe an additive effect on 
myogenesis or cell number when both receptors were depleted simultaneously, although 
knockdown efficiency for each gene was typically inferior when the cells were co-
infected by two shRNA viruses targeting two separate genes (data not shown). 
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Collectively, these data suggest that both HVEM and LTβR may function as the 
myogenic receptors of Tnfsf14 in a non-redundant fashion.  
To further validate the roles of HVEM and LTβR in mediating the action of 
Tnfsf14, we examined the effect of depleting the receptors on cell survival. We observed 
increased TUNEL signal in C2C12 cells depleted of either receptor (Fig. 5G). Notably, 
this increased cell death was not reversed by the addition of recombinant sTnfsf14. This 
is in contrast to the impaired survival phenotype seen in cells depleted of Tnfsf14, which 
could be rescued by the recombinant protein, and is consistent with Tnfsf14 acting 
through these receptors. These observations suggest that both HVEM and LTβR may 
mediate Tnfsf14 function in cell survival. We also measured BrdU labeling in C2C12 
cells with HVEM or LTβR knockdown. A lower fraction of BrdU-positive cells was 
observed upon the depletion of LTβR, but not of HVEM (Fig. 6), reminiscent of Tnfsf14 
knockdown (Fig. 4B). Hence, both LTβR and HVEM are involved in cell survival, 
whereas only LTβR plays a role in cell proliferation. 
III.3.4. Akt mediates Tnfsf14 signaling 
We next considered the molecular pathway that mediates Tnfsf14’s myogenic 
function. One of the most attractive candidates was Akt, which is a known mediator of 
cell survival and proliferation.[16, 17] Akt is also a key regulator of myogenic 
differentiation [18] and muscle mass,[19] and its role in myoblast survival has been 
reported.[20, 21] Additionally, HVEM signaling has been previously linked to Akt 
activation in T cells [22]. Indeed, we observed decreased levels of phosphorylated Akt in 
both primary myoblasts and C2C12 cells depleted of Tnfsf14 (Fig. 7A). Knockdown of 
HVEM also impaired Akt phosphorylation during the early stages of differentiation, 
whereas LTβR depletion had a similar effect at a later time of differentiation (Fig. 7B). 
Therefore, HVEM and LTβR may both signal through Akt, but in a temporally-regulated 
manner. To assess the functional releva
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expressed a constitutively active (c.a.) Akt [23] in C2C12 cells. As shown in Fig. 7C, the 
impaired differentiation observed after Tnfsf14 knockdown was fully rescued by the 
expression of c.a.-Akt. Notably, c.a.-Akt also rescued differentiation in myoblasts 
depleted of HVEM or LTβR, providing further evidence that both receptors signal 
independently through Akt (Fig. 7D). Taken together, our observations strongly suggest 
that Tnfsf14 regulates myoblast differentiation via Akt. 
III.3.5. Tnfsf14 is necessary for robust skeletal muscle regeneration 
 In order to probe the physiological relevance of Tnfsf14’s myogenic function, we 
utilized a well-established murine model of post-injury skeletal muscle regeneration.[14, 
24] Barium chloride (BaCl2) was injected into the tibialis anterior (TA) muscle of the 
hindlimb to induce localized necrosis. As shown in Figure 8A, Tnfsf14 mRNA levels 
measured by qRT-PCR rose on day 3 after injury (AI) and returned to basal levels by 
day 5 AI.  Because multiple cell types present in regenerating muscle could contribute to 
this Tnfsf14 mRNA expression, we performed immunohistochemistry on sections of 
regenerating TA muscles. As shown in Fig. 9A, no Tnfsf14 expression was detected in 
undamaged muscle, but Tnfsf14 staining was noted in mononucleated cells on day 3 AI. 
To determine whether these Tnfsf14-positive cells were myogenic, we co-labeled injured 
muscles for both Tnfsf14 and MyoD, a marker of activated and proliferating satellite 
cells. As shown in Fig. 8B, we observed cells that were positive for both markers at day 
3 AI, demonstrating that myogenic progenitors express Tnfsf14 during early 
regeneration. We also observed Tnfsf14+/MyoD- cells, which could represent either 
infiltrating immune cells or myogenic progenitors not yet expressing MyoD. Strikingly, 
strong Tnfsf14 staining was also clearly observed in the newly formed myofibers visible 
on day 5 AI (Fig. 9A), unequivocally revealing the expression of Tnfsf14 by regenerating 
muscle cells.   
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We also performed immunohistochemistry to examine the two Tnfsf14 receptors 
in muscle as shown in Fig. 9A. Unlike Tnfsf14, HVEM and LTβR were both found at the 
periphery of myofibers in uninjured muscles. Interestingly, most mononucleated cells in 
the early stages of regeneration exhibited a strong HVEM signal, while LTβR signal was 
only weakly present in a small number of mononucleated cells. Newly regenerated 
myofibers on day 5 AI stained strongly for LTβR and were also positive for HVEM, 
although the latter continued to be predominantly expressed in mononucleated cells. By 
day 7 AI, both receptors were found at the periphery of the new myofibers. Hence, both 
Tnfsf14 and its receptors are expressed in regenerating myofibers during early stages of 
regeneration.  
To probe the physiological function of Tnfsf14, we introduced Tnfsf14 shRNA at 
the time of muscle injury by co-injecting lentivirus expressing the shRNA with BaCl2 into 
TA muscles. Efficient knockdown of Tnfsf14 was confirmed by immunostaining (Fig. 9B). 
Strikingly, muscle regeneration was markedly impaired by the knockdown, as evidenced 
by significantly fewer regenerating myofibers in the shTnfsf14-injected muscles 
compared to control shRNA-injected muscles during early regeneration (Fig. 9B,C). 
While some regenerating myofibers were present in the Tnfsf14-knockdown muscles, 
they were of a significantly reduced size as measured by cross-sectional area (Fig. 
9B,D). Interestingly, muscles with reduced Tnfsf14 expression also exhibited increased 
cleaved PARP labeling during early regeneration, indicating higher levels of cell death 
(Fig. 8C). These results are in line with our in vitro data demonstrating that Tnfsf14 
functions as pro-survival factor in myogenic cells (Fig. 3A-C; Fig. 4A). Taken together, 




III.3.6. Tnfsf14 overexpression enhances skeletal muscle regeneration via 
activation of Akt 
 Next, we examined the effect of Tnfsf14 overexpression on muscle regeneration. 
Adenovirus expressing mTnfsf14 was co-injected with BaCl2 into TA muscles. 
Remarkably, significantly larger regenerating myofibers were observed on day 7 and day 
14 AI in mTnfsf14 adenovirus-injected muscles compared to muscles injected with a 
control adenovirus (Fig. 10A).  To test whether this regeneration-promoting effect of 
Tnfsf14 was through activation of Akt, we repeated this experiment in the presence of 
the Akt inhibitor triciribine. As shown in Fig. 10B, daily injections of triciribine abrogated 
the effect of mTnfsf14 and the regenerating myofibers returned to a normal size. 
Therefore, overexpression of Tnfsf14 can enhance normal muscle regeneration post-
injury in an Akt-dependent manner. 
 
III.4. Discussion 
We have identified Tnfsf14 as a novel and essential regulator of skeletal 
myogenesis. Our findings reveal that Tnfsf14 functions as a pro-survival factor during 
myogenic differentiation, an effect mediated by its receptors HVEM and LTβR in an 
Akt-dependent manner. Furthermore, we show that Tnfsf14 is both essential for 
robust skeletal muscle regeneration, and capable of enhancing normal regeneration 
when administered exogenously. To date, only a handful of skeletal myocyte-secreted 
factors have been demonstrated to regulate myogenesis in a cell-autonomous manner, 
despite evidence that muscle cells are prolific cytokine secretors.[25-27] We expect that 
future studies will reveal a large network of such cytokines involved in skeletal muscle 
cell differentiation and muscle tissue regeneration. 
Our findings indicate that by promoting myoblast survival Tnfsf14 plays a key 
role in ensuring a sufficient number of cells available for fusion during differentiation. 
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Interestingly, the reported effects of Tnfsf14 on cell division, survival, and death 
appear to be pleiotropic. Tnfsf14 has been described as pro-proliferation, anti-
proliferation, pro-apoptosis, and anti-apoptosis depending on the cellular contexts.[5-7] 
A recent study suggests that the relative ratio of LTβR to HVEM levels in the cell may 
determine the biological effects of Tnfsf14: in cells with higher levels of LTβR than 
HVEM, Tnfsf14 induced apoptosis, whereas cells expressing the two receptors 
equally favored survival upon Tnfsf14 stimulation.[28] Consistent with this model, the 
LTβR:HVEM ratio may be relatively high in undifferentiated myoblasts. Subsequently, 
upon entering differentiation, the LTβR:HVEM ratio may drop as HVEM levels rise 
while LTβR levels remain steady (Fig. 5A), potentially resulting in cell survival. 
However, our observation that depletion of either receptor promotes apoptosis 
suggests that it is not simply a balancing act between the two receptors. Rather, both 
LTβR and HVEM are necessary for the pro-survival function of Tnfsf14 during 
myogenesis. 
This level of complexity may be characteristic of cytokine action in regulating cell 
fate. For instance, the founding member of the tumor necrosis factor superfamily, TNFα, 
is infamously capable of inducing either survival or apoptosis through variable activation 
of downstream pathways.[29] TNFα has also been long suspected of involvement in 
cachexia progression.[30] Interestingly, Tnfsf14 has been demonstrated to specifically 
block TNFα-mediated apoptosis in primary hepatocytes, but not liver cancer cell 
lines.[31] While the exact mechanism and physiological source of TNFα in cachexic 
skeletal muscle atrophy is still unclear, Tnfsf14 may be an intriguing therapeutic target 
for further development. 
We have found Akt to be a key mediator of Tnfsf14 action. Akt can prevent cell 
death by phosphorylation-mediated inactivation of a variety of important players in 
apoptosis, including the Bcl2-related protein BAD, caspase-9, and the Forkhead 
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transcription factor FKHRL1,[32-34] as well as via activation of the major survival 
signaling molecule NF-κB.[35] Although HVEM has been previously linked to Akt 
activation,[22] the mechanism for this phenomenon is not fully understood. HVEM and 
LTβR are both TNFR superfamily members that lack the canonical TNFR death domain. 
Such TNFRs typically transduce signals by binding directly to TNF Receptor Associated 
Factors (TRAFs),[36] and several TRAFs are believed to be involved in the activation of 
Akt via distinct mechanisms.[37] HVEM and LTβR have been reported to bind TRAF1, 
2, 3, 5, and TRAF2, 3, 5, respectively.[38-41] The exact mechanism(s) by which these 
two receptors activate Akt is certainly an area of potentially fruitful investigations in 
the future. 
Of the reported muscle-secreted factors, insulin-like growth factor 1 and 2 
(IGF1 and IGF2), both signaling through IGF1 receptor, have been well established 
to support myoblast survival.[42] Differentiation of myoblasts in culture requires the 
autocrine action of IGF2, and is stimulated by both exogenous IGF1 and IGF2.[43] In 
vivo, localized IGF1 overexpression promotes myofiber hypertrophy [44] and 
accelerates muscle regeneration post-injury.[45, 46] Our discovery of Tnfsf14’s role 
expands the muscle cell’s repertoire of secreted factors that regulate myoblast 
survival and muscle regeneration in vivo. It should be noted that many facets of IGF 
regulation in myoblasts, including survival, proliferation, and myogenic gene 
expression, likely contribute to myogenic differentiation.[43] In contrast, Tnfsf14 
regulation of differentiation appears to be primarily through its survival function, as 
simply increasing cell number fully rescued fusion from Tnfsf14 deficiency (Fig. 3D). 
It should also be noted that some degree of apoptosis during differentiation is 
believed to be necessary for myoblast fusion.[47] It is conceivable that a network of 
cytokines governs the balance between apoptosis and survival during myoblast 
differentiation. Indeed, our functional screen of cytokines has revealed several known 
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apoptosis-inducing factors as potential regulators.[48] Future characterization of 
those candidates may be rewarding. 
Throughout the process of skeletal muscle regeneration in vivo, there is a 
complex interplay between infiltrating immune cells, dying myofibers, activated muscle 
progenitor cells, and regenerating fibers.[49] It is important to note that the lentiviruses 
and adenoviruses that we used to manipulate Tnfsf14 levels in vivo were not muscle 
cell-specific. Thus, although muscle cells should be the prevailing cell type present 
around the time of intramuscular injection, it is conceivable that other cell types (for 
example, infiltrating macrophages) could also have been subjected to Tnfsf14 
knockdown or overexpression during muscle injury. Tnfsf14 ablation specifically in 
muscle cells, such as in a muscle-specific knockout mouse, would allow more 
definitive studies probing the contribution of muscle-derived Tnfsf14 in adult muscle 
regeneration. Nevertheless, our study is the first to reveal Tnfsf14 expression in 
regenerating myofibers and the critical role of Tnfsf14 in myogenesis.  
We observed that introduction of exogenous mTnfsf14 during muscle injury 
led to more robust muscle regeneration. Interestingly, this phenomenon does not 
translate to cultured cells in vitro. For example, sTnfsf14 can rescue—but not 
enhance—the fusion index, total nuclei number, and changes to cell survival and 
proliferation seen with Tnfsf14 knockdown in C2C12 cells (Fig. 1H; Fig. 3A, B; Fig. 
4B). This discrepancy with our in vivo results likely stems from the very different 
environments that surround cells in culture versus those in an animal.  The injury 
caused by BaCl2 and subsequent inflammation in vivo surely introduces stronger pro-
death signals than those found in differentiating C2C12 cells. It is possible that 
Tnfsf14 expression has a more potent effect in tissues facing a greater challenge to 
survival. Our observation that sTnfsf14 does protect control C2C12 cells from death 
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when treated with etoposide, a strong exogenous pro-death signal (Fig. 4A), may be 
further evidence for this hypothesis. 
Our observation that exogenously administered Tnfsf14 enhanced muscle 
regeneration may have important implications in future development of therapeutics. 
Despite its myogenic potential, IGF1 is a growth factor that can promote cancer 
progression, and is thus a poor therapeutic tool in the context of cancer-associated 
cachexia.[30] This is in stark contrast to Tnfsf14, which is a promising candidate for anti-
tumor immunotherapy due to its ability both to recruit and activate T-lymphocytes and 
dendritic cells to the tumor microenvironment, as well as to directly induce apoptosis of 
cancer cells.[5] Indeed, mesenchymal stem cells overexpressing Tnfsf14 are capable of 
targeting tumors and inhibiting their growth in mice.[50] Development of a cancer 
therapy that treats both the tumor and cancer “side-effects” such as cachexia could 
simultaneously improve patient survival rates and quality of life. Tnfsf14 may be a 





Fig. III.1. Tnfsf14 is a positive regulator of myoblast differentiation 
(A) C2C12 cells were infected with lentiviruses expressing shTnfsf14 or shScramble 
(negative control), selected for 2 days, followed by cell lysis and western analysis (n=4).  
(B) Cells treated as in (A) were differentiated for 72 hrs, followed by staining for MHC 
(green) and DAPI (pseudocolored magenta), and quantification of fusion index (n=5).  
(C) Cells treated as in (A) were differentiated, and at indicated time points (“Hrs diff”) 
were lysed and subjected to western analysis (n=4).  
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Fig. III.1. (continued) 
 
(D) RNA was isolated from differentiating C2C12 cells at indicated time points and 
subjected to qRT-PCR analysis for Tnfsf14 mRNA levels (n=6).  
(E) Cell media over the course of differentiation were subjected to ELISA assay to 
determine sTnfsf14 levels (n=8). 
(F) C2C12 cells were differentiated until the indicated time points (“Hrs diff”), then 
stained without permeabilization for Tnfsf14 (red) and DAPI (blue) (n=4). 
(G) Cells treated as in (A) were differentiated for 24 hrs, followed by staining for Tnfsf14 
(red) and DAPI (blue) (n=3). 
(H) C2C12 cells were treated as in (A), and then differentiated in the presence or 
absence of 25 ng/mL recombinant sTnfsf14 for 3 days, followed by staining for MHC and 
DAPI, and quantification of fusion index (n=3).  
(I) C2C12 cells were treated as in (A), and then infected with adenoviruses expressing 
mTnfsf14 or luciferease (luc; negative control), followed by differentiation for 3 days and 
then staining for MHC and DAPI. The fusion index was quantified (n=3). 
One-sample 2-tailed t test was performed for data in (D), and paired 2-tailed t tests for all 
other data. *P<0.05; **P<0.01. All error bars represent SD of independent replicates. 




Fig. III.2. Tnfsf14 is necessary for primary myoblast differentiation 
Mouse primary myoblasts were infected with shRNA lentiviruses and differentiated for 48 
hrs with or without 50 ng/mL sTnfsf14, followed by staining for MHC (green) and with 
DAPI (red). The fusion index was quantified (n=3). 





Fig. III.3. Tnfsf14 maintains sufficient cell numbers for differentiation 
(A) C2C12 cells were infected with lentiviruses expressing shTnfsf14 or shScramble, 
selected for 2 days, followed by differentiation for 72 hrs in the presence or absence of 
25 ng/mL recombinant sTnfsf14 and subsequent staining with DAPI. Stained nuclei were 
counted (n=3). 
(B) Cells were treated as in (A) but differentiated for 24 hrs, followed by TUNEL assay to 
detect apoptotic cells (n=4). 
(C) Primary myoblasts were infected with shRNA lentiviruses and differentiated for 24 
hrs, followed by cell lysis and western analysis (n=3). 
(D) C2C12 cells were infected with shRNA lentiviruses and then plated at different 
densities in order to compensate for the lower cell number seen in Tnfsf14-knockdown 
cells.  Cells were differentiated for 72 hrs and subsequently stained for MHC. Nuclei 
number and fusion index were quantified (n=4). Scale bar: 50 µm. 
One-sample 2-tailed t test was performed for data in (A), and paired 2-tailed t tests for all 






Fig. III.4. Tnfsf14 suppresses apoptosis and promotes proliferation of C2C12 cells 
(A) Proliferating C2C12 cells were exposed to 10 µM etoposide for 24 hours in the 
presence or absence of 25 ng/mL recombinant sTnfsf14. TUNEL assays were 
performed to assess the percentage of apoptotic cells (n=5). 
(B) C2C12 cells were treated as in (A) and subjected to BrdU labeling to assess cell 
proliferation (n=4). 




Fig. III.5. Both HVEM and LTβR are required for myoblast differentiation and 
survival 
(A) HVEM or LTβR mRNA transcripts were measured over the course of C2C12 
differentiation by qRT-PCR (n=4 for HVEM and n=3 for LTβR).  
(B) HVEM and LTβR protein levels during C2C12 cell differentiation were analyzed by 




Fig. III.5 (continued) 
 
(C) C2C12 cells were infected with shRNA lentiviruses as indicated, selected for 2 days, 
followed by differentiation for 72 hrs and subsequent staining for MHC and with DAPI. 
Scale bar: 50 µm. 
(D-E) Fusion index and total nuclei number were quantified for experiments in (C) (n=5).  
(F) Lentivirus-mediated knockdown of HVEM and LTβR in C2C12 cells were confirmed 
by western analysis (n=3 for HVEM and n=4 for LTβR).  
(G) C2C12 cells treated as in (C) but differentiated for 24 hrs were subjected to TUNEL 
assays, and the percentage of apoptotic cells was measured (n=4).  
One-sample 2-tailed t test was performed for data in (A) and relative nuclei number in 
(D-E), paired 2-tailed t tests for all other data. *P<0.05; **P<0.01. All error bars represent 





Fig. III.6. Tnfsf14 receptors in cell proliferation 
C2C12 cells were infected with shRNA lentiviruses as indicated and differentiated for 24 
hrs in the presence or absence of 25 ng/mL recombinant sTnfsf14, followed by BrdU 






Fig. III.7. Tnfsf14 regulates myoblast differentiation through Akt 
(A) Primary mouse myoblasts (n=4) and C2C12 cells (n=5) were infected with shRNA 
lentiviruses and differentiated for 24 hrs, followed by cell lysis and western analysis. 
(B) C2C12 cells were infected with shRNA lentiviruses as indicated and differentiated for 
24 or 72 hrs, followed by cell lysis and western analysis (n=5). 
(C-D) C2C12 cells were infected with shRNA lentiviruses as indicated, and then 
transfected with a constitutively-active Akt (c.a.-Akt) or a control (pcDNA) construct, 
followed by differentiation for 72 hrs and subsequent staining for MHC and with DAPI. 
Fusion index and total nuclei number were quantified (n=4). 
One-sample 2-tailed t test was performed for data in (B) and paired 2-tailed t tests for 




Fig. III.8. Tnfsf14 expression during muscle regeneration 
(A) TA muscles were injured by BaCl2 injection, and isolated on days 3, 5, 7, and 14 
after injury (AI). RNA was isolated and subjected to qRT-PCR assays to measure 
relative levels of Tnfsf14 mRNA (n=3). All error bars represent SD of independent 
replicates. 
(B) TA muscles were injured by BaCl2 injection, and isolated on day 3 after injury (AI). 
Upon cryosection, immunofluorescence staining for Tnfsf14 (green), MyoD (red), and 
DAPI (blue) was performed (n=3). Scale bar: 25 µm. 
(C) TA muscles were co-injected with BaCl2 and shRNA viruses, and isolated on day 3 
AI. Upon cryosection, immunofluorescence staining for cleaved PARP (green) and DAPI 





Fig. III.9. Tnfsf14 is required for robust muscle regeneration in vivo 
(A) TA muscles were injured by BaCl2 injection, and isolated on days 3, 5, 7, and 14 
after injury (AI). Upon cryosection, H&E staining or immunofluorescence staining for 
Tnfsf14, HVEM and LTβR (green) together with DAPI (blue) were performed (n=3). 
(B) TA muscles were co-injected with BaCl2 and shRNA viruses, and then processed as 
described in (A). 
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Fig. III.9. (continued) 
 
(C) Quantification of the number of regenerating myofibers on muscle sections from (B). 
(D) Quantification of the regenerating myofiber cross-sectional area (CSA) on muscle 
sections from (B). For each time point in (B-D) 5 or 6 mice were analyzed. 
Paired 2-tailed t test was performed to compare shScramble and shTnfsf14 at each time 





Fig. III.10. Local overexpression of Tnfsf14 enhances skeletal muscle regeneration 
in an Akt-dependent manner 
(A) TA muscles were co-injected with BaCl2 and adenoviruses expressing mTnfsf14 (Ad-
mTnfsf14) or luciferase (Ad-luc), and isolated on days 5, 7, and 14 AI. Upon cryosection, 
H&E staining was performed, and regenerating myofiber CSA was quantified. For each 
time point 5 to 7 mice were analyzed. 
(B) The procedure described in (A) was repeated, and the animals received daily 
intraperitoneal injection of 100 µL triciribine (0.26 µg/µl) or 20% DMSO as a control, 
starting on the day of BaCl2 injection. For each condition 6 mice were analyzed.  
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CHAPTER IV: CXCL14 INHIBITION ACCELERATES SKELETAL MYOGENESIS BY 
PROMOTING CELL CYCLE WITHDRAWAL  
 
IV.1. Introduction 
The physiological function of chemokine (C-X-C motif) ligand 14 (Cxcl14) is 
poorly understood. Also known as BRAK (breast and kidney-expressed chemokine), 
Cxcl14 expression is relatively high in many normal tissues but lost in various types 
of malignancies [1-6]. Interestingly, there are also a number of reports demonstrating 
Cxcl14 overexpression in various tumor microenvironments [7-10] and implicating 
Cxcl14 in invasion and metastasis [11, 12], indicating that its role in cancer may be cell-
type specific. Cxcl14 has also been linked to obesity and insulin resistance [13-15], and 
may be involved in the immune response, as it has antimicrobial activity against 
respiratory tract bacteria and opportunistic skin pathogens [16, 17]. Cxcl14 displays 
chemotactic ability in vitro for some immune cells, such as immature dendritic cells and 
natural killer cells [5, 6, 18-20]. However, a Cxcl14 -/- mouse line displayed no 
deficiencies in activation, migration, or peripheral tissue recruitment of monocytes, 
macrophages, dendritic cells, Langerhans cells, or lymphocytes [21]. Expression of 
Cxcl14 in muscle lysates has been previously reported [1], though no myogenic function 
for the cytokine was known. Our current study reveals Cxcl14 as a negative regulator 
of skeletal muscle regeneration through its role in cell cycle progression. To the best 
of our knowledge, this is the first report of Cxcl14 function in muscle development, or 






IV.2. Materials and Methods 
IV.2.1. Antibodies and other reagents 
Anti-MHC (MF20) and anti-myogenin (F5D) were obtained from the 
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD, 
National Institutes of Health, and maintained by The University of Iowa, Department of 
Biological Sciences. Anti-Cxcl14 and anti-MyoD were from Novus Biologicals (Littleton, 
CO). Anti-tubulin was from Abcam (Cambridge, MA). All other primary antibodies were 
from Cell Signaling Technology (Danvers, MA). Alexa Fluor fluorescent secondary 
antibodies were from Thermo Fisher Scientific (Waltham, MA). All other secondary 
antibodies were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). 
Gelatin, BrdU, and AraC were from Sigma-Aldrich (St. Louis, MO). Recombinant Cxcl14 
protein was from Novus Biologicals (Littleton, CO). U0126 and ELISA kit for detection of 
mouse Cxcl14 was from Thermo Fisher Scientific (Waltham, MA). 
IV.2.2. Cell culture 
See III.2.2. 
IV.2.3. Immunofluorescence microscopy and quantitative analysis of 
myocytes 
See III.2.4. 
IV.2.4. Lentivirus-mediated RNAi 
See II.2.3. shRNAs in the pLKO.1-puro vector were purchased from Sigma-
Aldrich (MISSION® TRC). Clone IDs are: shCxcl14 #1, TRCN0000065369; shCxcl14 #2, 
TRCN0000065370.  
IV.2.5. Quantitative RT-PCR 
See III.2.7. Mouse β-actin primers: forward 5′-ttgctgacaggatgcagaag-3′; reverse 
5′-atccacatctgctggaaggt-3′. Mouse Cxcl14 primers: forward 5′-ggtccaagtgtaagtgttcc-3′; 
reverse 5′-cctggacatgctcttggtg-3′. 
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IV.2.6. Western blotting 
See III.2.8. 
IV.2.7. Cell proliferation and apoptosis assays 
 See III.2.9. 
IV.2.8. Injury-induced muscle regeneration and manipulation of Cxcl14 
expression in mice 
See III.2.10. Male FVB mice aged 8-10 weeks were used in all the regeneration 
experiments, unless otherwise indicated. Male and female FVB mice mice of various 
ages (4, 6, 8, 12, or 18 months old) were used in the aging muscle experiments.  




See III.2.12. ANOVA was also performed as indicated. 
IV.2.11. Study Approval 
All animal experiments in this study followed protocols approved by the Animal 




IV.3.1. Cxcl14 is expressed in muscle cells in vitro and in vivo 
Cxcl14 previously emerged from our RNAi screen as a potential negative 
regulator of myogenesis [22], though no function for the cytokine had previously been 
speculated in muscle development or maintenance. Thus, we sought to better 
characterize the expression of Cxcl14 in myogenic cells. We first examined whether 
Cxcl14 expression changes over the course of in vitro differentiation using the C2C12 
murine myoblast cell line. As shown in Figs. IV.1A and B, Cxcl14 expression was 
 120 
observed at both the mRNA and protein levels in C2C12 cells. Interestingly, the mRNA 
expression profile did not match the pattern of secreted Cxcl14 protein. Cxcl14 
transcripts were highest in myoblasts before induction of differentiation, and 
progressively declined throughout the myogenic time course (Fig. IV.1A). In contrast, the 
soluble Cxcl14 protein increased in conditioned media after the onset of differentiation, 
and peaked during the early stages differentiation before falling back down (Fig. IV.1B).  
 We next evaluated the expression profile of Cxcl14 in vivo using a well-
established model of muscle regeneration [23, 24]. Localized necrosis of the tibialis 
anterior (TA) muscle of the hindlimb was induced via intramuscular injection of barium 
chloride (BaCl2). Saline injection into the TA muscle of the contralateral hindlimb served 
as a non-injury control. We did not observe Cxcl14 signal in undamaged myofibers, 
though its expression was rapidly induced during early regeneration (Fig. IV.1C). Three 
days after injury, Cxcl14 was observed in both damaged myofibers and mononucleated 
cells within the injured area, which progressively decreased over the course of 
regeneration. This pattern of expression was similar to that of secreted Cxcl14 protein in 
C2C12 cells. To determine whether the Cxcl14-postive mononucleated cells were of 
myogenic origin, we co-labeled injured muscles for Cxcl14 and MyoD, a marker of 
activated and proliferating satellite cells and myoblasts. As shown in Fig. IV.1D, we 
observed a striking pattern of cellular co-localization, strongly suggesting that the 
Cxcl14-positive cells seen during regeneration are myogenic progenitors. 
IV.3.2. Cxcl14 is a negative regulator of myoblast differentiation 
We used the mouse myoblast cell line C2C12 in order to dissect the effect of 
Cxcl14 gene knockdown by lentivirus-delivered shRNA. We found that depletion of 
Cxcl14 expression by two independent shRNA drastically increased C2C12 
differentiation and fusion, leading to the formation of large, hypertrophied myotubes (Fig. 
IV.2A). This increase in cell fusion was accompanied by earlier expression of muscle 
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differentiation-specific proteins such as MEF2A, myogenin, and myosin heavy chain 
(MHC) compared to control cells (Fig. IV.2B). Early expression of the cell cycle inhibitor 
p21 was also observed in Cxcl14 knockdown cells, indicating more rapid withdrawal 
from the cell cycle and induction of differentiation (Fig. IV.2B). The enhanced fusion 
index and hypertrophy phenotype upon Cxcl14 knockdown were reversed by adding 
recombinant Cxcl14 protein (rCxcl14) to the cell growth media, confirming the specificity 
of RNAi targeting (Fig. IV.2C). Notably, supplementing control cells with rCxcl14 further 
decreased the fusion index below normal levels (Fig. IV.2C). Taken together, these 
results strongly suggest that Cxcl14 functions as an inhibitor of myogenesis at an early 
stage of the process. 
IV.3.3. Cxcl14 suppresses myogenesis by promoting cell cycle 
progression 
In addition to enhancing expression of myogenic markers, knockdown of Cxcl14 
also reduced the total number of cells present in culture (Fig. IV.3A). Importantly, this 
decrease in cell number was corrected by adding rCxcl14 to the media (Fig. IV.3A). We 
reasoned that the lower number of cells upon Cxcl14 knockdown could be either a result 
of reduced proliferation or increased cell death. Given our observation that Cxcl14 
knockdown increased p21 expression—an effect that was reversed by supplementation 
with rCxcl14 (Fig. IV.3B)—we thought cell cycle regulation may be the more likely 
mechanism. Indeed, Cxcl14 knockdown significantly decreased proliferation in 
myoblasts, as indicated by a markedly lower incidence of BrdU incorporation (Fig. 
IV.3C). Addition of rCxcl14 reversed the proliferation rate to normal levels in Cxcl14-
depleted cells and further increased it in control cells (Fig. IV.3C). In contrast, 
knockdown of Cxcl14 had no significant effect on the rate of myoblast apoptosis as 
measured by TUNEL labeling (Fig. IV.3D). 
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We wondered whether the strikingly enhanced myogenesis phenotype upon 
Cxcl14 knockdown was caused simply by more rapid cell cycle withdrawal and 
consequently induction of differentiation. To test this hypothesis, we repeated our cell 
fusion rescue experiment by knocking down Cxcl14, adding rCxcl14 to proliferating 
myoblasts, and then differentiating the cells. However, to some cells we also added the 
cell cycle inhibitor cytosine β-D-arabinofuranoside (Ara-C) with rCxcl14. As shown in Fig. 
IV.3D, the introduction of Ara-C ablated the normalizing effect of rCxcl14 on cell fusion. 
These data indicate that Cxcl14 promotes myoblast cell cycle progression, and that this 
function is responsible for its anti-myogenic effect. 
IV.3.4. ERK mediates Cxcl14’s anti-myogenic effect 
 We next sought to better characterize the signaling mechanism underlying the 
anti-myogenic function of Cxcl14. The MAP kinase ERK1/2 has an established role in 
G1- to S-phase cell cycle transition, thereby promoting cell proliferation (reviewed in 
[25]), and has been reported to inhibit the initiation of myogenesis [26-28]. Cxcl14 
has also been linked to ERK1/2 activation in fibroblasts [10]. Given these facts, we 
wondered whether Cxcl14’s pro-proliferative function was mediated through ERK1/2 
signaling. Indeed, we observed reduced ERK1/2 phosphorylation in cells depleted of 
Cxcl14 (Fig. IV.4A). Conversely, myoblasts exposed to rCxcl14 rapidly activated 
ERK1/2 (Fig. IV.4B).  
To assess the functional relevance of ERK1/2 in Cxcl14’s anti-myogenic 
effects, we used the pharmacological inhibitor U0126 to inhibit MEK1/2, the upstream 
activator of ERK1/2. As shown in Fig. IV.4C, treatment with U0126 prior to rCxcl14 
exposure prevented the normalizing effect of rCxcl14 on myoblast fusion in both 
control and Cxcl14 knockdown cells. Taken together, these data strongly suggest 
that Cxcl14’s anti-myogenic function is dependent on the MEK/ERK signaling axis.  
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IV.3.5. Cxcl14 does not inhibit myogenesis via Cxcl12 antagonism 
Currently, there is no established receptor for Cxcl14. One study proposed 
that Cxcl14 is a ligand for chemokine (C-X-C motif) receptor 4 (CXCR4), and 
functions as an antagonist for the cognate ligand of CXCR4, chemokine (C-X-C 
motif) ligand 12 (Cxcl12) [29, 30]. This report is controversial, as another study 
demonstrated that Cxcl14 does not directly modulate CXCR4 in other cell types [31]. 
However, Cxcl12 is a known pro-myogenic cytokine [32], so Cxcl14 working as an 
antagonist to Cxcl12 activity seemed plausible in our model system. To test this 
relationship, we introduced recombinant Cxcl12 (rCxcl12) to proliferating cells either 
alone or with rCxcl14 and then induced differentiation. We observed no evidence of 
antagonism between the two cytokines, in either their effects on proliferation or 
myoblast fusion (Fig. IV.5). BrdU incorporation was weakly but significantly enhanced 
with rCxcl12 exposure, which is not surprising as this cytokine is known to activate 
ERK1/2 in other cell types [33, 34]. Our observation that rCxcl12 had no significant 
effect on cell fusion when introduced exclusively to proliferating cells is also not 
entirely unexpected, since Cxcl12’s established function as a regulator of second-
stage fusion necessitates a later window of expression and activity [32]. Thus, our 
data indicate that the anti-myogenic function of Cxcl14 is not through antagonism of 
Cxcl12. The identity of the Cxcl14 receptor remains elusive and warrants future 
research efforts. 
IV.3.6. Cxcl14 knockdown accelerates muscle regeneration in vivo 
 Given the striking enhancement of differentiation seen with Cxcl14 knockdown 
in vitro (Fig. IV.2A-C), we wondered if manipulating the levels of Cxcl14 would have a 
similarly significant effect on myogenesis in vivo. We utilized the same method of TA 
muscle injury described earlier, but now introduced Cxcl14 shRNA via co-injection 
with BaCl2.  As shown in Fig. IV.6A, Cxcl14 shRNA effectively reduced Cxcl14 
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protein expression in mononucleated cells at day 3 after injury (AI). At days 5 and 7 
AI, we observed a striking enhancement in the size of regenerating myofibers upon 
Cxcl14 knockdown (Fig. IV.6A, B). Interestingly, there was no significant difference 
between Cxcl14-depleted muscles and control muscles a week later at day 14 AI. 
These results indicate that loss of Cxcl14 during muscle injury speeds up the 
regenerative process without enhancing net myofiber size. This interpretation is in 
line with our in vitro data, which suggests that Cxcl14 inhibition simply leads to more 
rapid cell cycle exit, allowing for a speedier differentiation process. To confirm this 
hypothesis in vivo, we evaluated the relative levels of dividing cells in early 
regeneration by probing day 3 AI muscle sections for the proliferative marker Ki-67. 
As expected, Cxcl14 knockdown muscles did indeed show strikingly lower labeling 
for Ki-67, and thus lower levels of proliferation (Fig. IV.6C). 
IV.3.7. Reduction of Cxcl14 expression enhances regeneration in aging 
muscle 
Aging is accompanied by dysregulation of cytokines and increased incidence 
of inflammation, both at the overall organismal level and in the musculoskeletal 
system in particular (reviewed in [35]). Similarly, it is a well-established phenomenon 
that muscle regenerative capacity declines with age, likely through changes in 
satellite cell quantity, quality, and extrinsic changes to their niche (reviewed in [36, 
37]). We wondered whether muscular Cxcl14 levels changed throughout the lifespan, 
and also whether this correlated to any functional defects in myogenesis. Rodent 
studies of aging muscle tend to focus on molecular changes and regenerative decline 
in very old animals (i.e. ≥2 years old). However, we were interested in understanding 
when exactly muscle regenerative ability begins to decline in our mouse model.  
To answer this question, we performed TA muscle injury and regeneration 
experiments in progressively aged mice. As shown in Fig. IV.7A, the average size of 
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regenerated myofibers in mice injected with BaCl2 began to decline at 6 months old, and 
was significantly smaller by one year of age. We also performed qPCR to evaluate the 
relative mRNA levels of Cxcl14 over the aging time course. However, we did not observe 
a significant change to Cxcl14 expression (Fig. IV.7B), indicating that normal 
regenerative decline in older mice is not linked to increased inhibitory signals from this 
particular cytokine. Despite this finding, we wondered whether knockdown of Cxcl14 in 
aging muscle could still recapitulate the rapid regeneration phenotype seen in young 
animals, or even prove therapeutic. Indeed, we observed that Cxcl14 depletion not only 
significantly enhanced regeneration 7 days AI in aged muscle, but actually enhanced it 
to the same degree as in young mice (Fig. IV.7C). Taken together, these results suggest 
that Cxcl14 is not responsible for aging-induced regenerative decline, but that limiting its 
expression may be able to therapeutically restore regeneration in aged animals.   
 
IV.4. Discussion 
We have identified Cxcl14 as a novel negative regulator of skeletal myogenesis. 
Our data show that Cxcl14 functions by inhibiting cell cycle exit, thereby preventing 
myoblast differentiation and fusion into mature myotubes. Cxcl14 has been previously 
implicated in promoting proliferation, particularly in cancer cells [7, 9, 10, 38], though this 
is the first report of a role for Cxcl14 in muscle development. Interestingly, Cxcl14’s 
mechanism of action appears to directly counter the myogenic role of FMS-like tyrosine 
kinase 3 ligand (Flt3L), another cytokine that emerged from our functional RNAi screen 
[39]. Further studies from our lab revealed that Flt3L promotes myogenesis by 
enhancing myoblast cell cycle withdrawal via suppression of ERK1/2 [40]. Considering 
the prolific ability of muscle cells to secrete cytokines [41-43], it is possible that other 
antagonistic pairs of cytokines exist to allow fine-tuning flexibility during muscle 
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development. Further exploration of the network of cytokines secreted by and regulating 
muscle cells will likely prove very interesting for the future. 
We demonstrated that inhibiting endogenous Cxcl14 has a physiologically 
significant effect in promoting earlier muscle regeneration. The role of Cxcl14 in tissue 
regeneration in general has not been well studied. Cxcl14 expression was noted in a 
recent study of regenerating dental pulp [38], and Li and colleagues demonstrated that 
antibody-mediated neutralization of Cxcl14 protects the liver from CCl4-induced acute 
liver injury [44]. However, they also note that Cxcl14 has an inhibitory effect on 
proliferation, in contrast to our results. Their findings also indicate that the main effect of 
Cxcl14 neutralization in the liver is prevention of necrosis and steatosis following injury, 
which is not the case in our skeletal myogenesis model. Thus Cxcl14’s mechanism of 
action in muscle regeneration appears distinct from its role in protection from liver injury. 
It is important to note that our regeneration studies evaluated the effect of Cxcl14 
knockdown, rather than complete knockout of Cxcl14 gene expression. This may be an 
important consideration; it stands to reason that while limiting myoblast proliferation after 
injury can speed up myogenesis, a severe proliferation defect in muscle progenitors may 
instead blunt effective muscle regeneration. It is perhaps unlikely that knockout of a 
single cytokine could produce such a severe proliferation defect; however, Cxcl14 
knockout mice do exist, and testing their muscle regenerative abilities may prove fruitful. 
Interestingly, CXCL14-/- mice develop normally and display no obvious phenotype, with 
the exception of decreased weight and feeding behavior, though a disturbed Mendelian 
breeding pattern and occasional postnatal death of newborns at day 2 to 3 was noted 
[13, 21].  
It is possible that the enhanced cell cycle withdrawal observed with Cxcl14 
inhibition could prove therapeutic for muscle diseases. For example, recent studies of 
Duchenne muscular dystrophy have revealed that activated dystrophin-deficient satellite 
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cells undergo defective asymmetrical division, leading to abnormally high numbers of 
quiescent satellite cells and lower numbers of myoblasts capable of differentiation [45, 
46]. Intriguingly, one microarray study noted higher levels of Cxcl14 mRNA in the 
muscles of DMD model mdx mice compared to control mice [47]. While the 
pathogenesis of muscular dystrophy is multifaceted, it would be interesting in future 
studies to re-evaluate the functional significance of Cxcl14 depletion in the context of this 
disease. 
Our current understanding of sarcopenia places chronic inflammation as a key 
player in the progression of this disease [35, 48]. And yet, still very little is known about 
the effects of cytokines on skeletal muscle tissue under normal physiological conditions 
or pathological states. We demonstrated that Cxcl14 inhibition continues to enhance the 
pace of regeneration in aging mice. Though Cxcl14 expression did not significantly 
change during aging in our study, it is possible that other muscle-derived cytokines do 
become dysregulated over time. A deeper understanding of the network of cytokines 
involved in the maintenance of muscle mass—as well as how those cytokines are 
regulated—could shed some light on why muscle catabolism increases with age and 
how to prevent it. 	  
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Fig. IV.1. Cxcl14 expression in muscle cells 
(A) C2C12 cells were lysed at indicated time points (“Hrs diff”) during differentiation. 
RNA was isolated from lysates and the resulting cDNA was probed for Cxcl14 mRNA 
levels using qRT-PCR. 
(B) C2C12 cell media over the course of differentiation were subjected to ELISA assay 
to determine secreted Cxcl14 levels. 
(C) TA muscles were injured by BaCl2 injection, and isolated on days 3, 5, 7, and 14 
after injury (AI). Upon cryosection, H&E staining or immunofluorescence staining for 
Cxcl14 (green) together with DAPI (blue) was performed. Scale bars: 50 µm. 
(D) The procedure described in (B) was repeated. Muscle sections isolated on day 3 AI 
were immunofluorescently probed for MyoD (red), Cxcl14 (green), and DAPI (blue). 
Scale bar: 25 µm. 
Paired 2-tailed t test was performed for data in (A) and (B). *P<0.05; **P<0.01. All error 





Fig. IV.2. Cxcl14 knockdown enhances C2C12 differentiation 
(A) C2C12 cells were infected with lentiviruses expressing shCxcl14 or shScramble 
(negative control), selected for 2 days then differentiated for 72 hrs, followed by staining 
for MHC (green) and DAPI (pseudocolored red). Scale bar: 50 µm. 
(B) Cells treated as in (A) were differentiated, and at indicated time points (“Hrs diff”) 
were lysed and subjected to western analysis. 
(C) C2C12 cells were treated as in (A), then grown in the presence or absence of 25 
ng/mL recombinant Cxcl14 (rCxcl14) for 24 hrs after selection. Cells were then 
differentiated for 3 days, followed by staining for MHC and DAPI and quantification of 
fusion index. Scale bar: 50 µm. 
Paired 2-tailed t test was performed for data in (C). *P<0.05; **P<0.01. All error bars 





Fig. IV.3. Cxcl14 promotes cell cycle progression  
(A) C2C12 cells were infected with lentiviruses expressing shCxcl14 or shScramble, 
selected for 2 days, grown in the presence or absence of 25 ng/mL rCxcl14 for 24 hrs, 
followed by differentiation for 72 hrs and subsequent staining with DAPI. Stained nuclei 
were counted. 
(B) Cells were treated as in (A) but only stimulated with 10 ng/mL rCxcl14 for the 
indicated amount of time. Cells were then lysed and subjected to western analysis. 
(C) Cells were treated as in (A) but differentiated for 24 hrs, followed by BrdU 
incorporation for 2 hrs. Cells were immunofluorescently stained for BrdU and DAPI, then 
counted. 
(D) Cells were treated as in (A) but differentiated for 24 hrs, followed by TUNEL assay to 
detect apoptotic cells. 
(E) Cells were treated as in (A) but grown in the presence or absence of Ara-C for 24 
hrs, then differentiated and immunofluorescently stained for MHC (green) or DAPI 
(psuedocolored red). The fusion index was calculated. Scale bar: 50 µm. 
Paired 2-tailed t test was performed for data in (E), and one-sample 2-tailed t tests for all 







Fig. IV.4. ERK1/2 mediates Cxcl14’s anti-myogenic effect  
(A) C2C12 cells were infected with shRNA lentiviruses and selected, followed by cell 
lysis and western analysis. 
(B) Cells were treated as in (A), then stimulated with 10 ng/mL rCxcl14 for the indicated 
amount of time, followed by cell lysis and western analysis. 
(C) C2C12 cells were infected with shRNA lentiviruses as indicated, then grown in the 
presence or absence of 25 ng/mL rCxcl14 and U0126 for 24 hrs. Cells were then 
differentiatiated for 72 hrs and subsequently stained for MHC and with DAPI, followed by 
quantification of the fusion index. Scale bar: 50 µm. 
Paired 2-tailed t test was performed for data in (C). *P<0.05; **P<0.01. All error bars 






Fig. IV.5. Cxcl14 does not antagonize Cxcl12 in the early stage of myogenesis 
C2C12 cells were grown in the presence or absence of rCxcl12 and rCxcl14 for 24 hrs, 
then differentiated 24 hrs followed by BrdU incorporation or differentiated for 72 hrs and 
subsequently stained for MHC and with DAPI. The number of BrdU+ cells and the fusion 





Fig. IV.6. Cxcl14 knockdown speeds up muscle regeneration post-injury 
(A) TA muscles were co-injected with BaCl2 and shRNA viruses, and isolated on days 3, 
5, 7, and 14 after injury (AI). Upon cryosection, H&E staining or immunofluorescence 
staining for Cxcl14 (green) along with DAPI (blue) were performed. Scale bars: 50 µm. 
(B) Quantification of the regenerating myofiber cross-sectional area (CSA) on muscle 
sections from (A). 
(C) TA muscles were treated as in (A) and isolated on day 3 AI, then 
immunofluorescently stained for Ki-67 (red) and with DAPI (blue). Scale bar: 50 µm. 
Paired 2-tailed t test was performed to compare shScramble and shCxcl14 at each time 






Fig. IV.7. Cxcl14 enhances regeneration in aging mice 
(A) TA muscles were injured with BaCl2, and isolated on day 7 AI. Upon cryosection, 
H&E staining was performed and regenerating myofiber cross-sectional area (CSA) was 
quantified. 
(B) TA muscles sections treated as in (A) were isolated on day 7 AI and the RNA was 
isolated. Horizontal bars represent the mean of individually plotted data points. 
(C) TA muscles from 2-month-old and 12-month-old mice were co-injected with the 
indicated shRNA viruses and BaCl2, then processed and analyzed as in (A). 
One-way ANOVA was used to analyze data in (B), and paired 2-tailed t test was 
performed in (C). * P<0.05 **P<0.01. 
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CHAPTER V: CCL8 IS REQUIRED FOR SKELETAL MYOGENESIS AND MAY BE 
TRANSCRIPTIONALLY REGULATED BY MTOR  
 
V.1. Introduction 
Chemokine (C-C motif) ligand 8 (Ccl8) is a potent pro-inflammatory cytokine. 
Also known as monocyte chemoattractant protein 2 (MCP-2), Ccl8 has long been 
recognized as a chemoattractant for a variety of immune cells in vitro, including 
monocytes, natural killer cells, lymphocytes, basophils, and eosinophils [1]. Through its 
inflammatory effects, Ccl8 is involved in the innate immune response [2, 3], but also 
promotes atopic dermatitis [4] and has been proposed as a biomarker to evaluate the 
severity of graft versus host disease [5]. Perhaps not surprisingly, induction of Ccl8 
expression has been linked to bacterial infection [6] and can be modulated by other 
cytokines [7, 8]. 
Ccl8 signaling is likely complex, primarily due to the promiscuity of chemokine 
ligand-receptor pairs. In humans, Ccl8 is an agonist for several CC-chemokine type 
receptors (CCRs), including CCR1, CCR2, CCR3 and CCR5 [9-11]. In mice, Ccl8 also 
functions through CCR8, but may not be an agonist for CCR2, 3, or 5 [4]. Interestingly, 
though Ccl8 is canonically known as a pro-inflammatory cytokine, there are reports of 
anti-inflammatory activity after proteolytic processing and/or post-translational 
modification, likely through competitive binding to the CCRs but failure to activate them 
[12, 13]. To add another layer of complexity, Ccl8 can form either a canonical 
homotrimer to bind the CCRs, but is also capable of heterotrimerization with other CC-
motif cytokines [14].  
Little is known about the role of Ccl8 in skeletal muscle. Ccl8 expression in 
mouse primary myoblasts and C2C12 cells has been previously reported [15, 16], 
though an in-depth characterization of Ccl8 function during myogenesis is still lacking 
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from the literature. One study in human skeletal muscle cells reported that Ccl8 
expression was induced by peroxisome proliferator-activated receptor-gamma 
coactivator 1 alpha (PGC-1α) [17], a transcriptional co-activator linked to mitochondrial 
biogenesis and cellular metabolism. Intriguingly, both Ccl8 and its receptors (CCR1, 2 
and 5) are also upregulated in the muscles of mdx mice [18], a model of Duchenne 
muscular dystrophy. 
 
V.2. Materials and Methods 
V.2.1. Antibodies and other reagents. 
Anti-MHC (MF20) was obtained from the Developmental Studies Hybridoma 
Bank developed under the auspices of the NICHD, National Institutes of Health, and 
maintained by The University of Iowa, Department of Biological Sciences. Anti-Ccl8 was 
from R&D Systems (Minneapolis, MN). Anti-tubulin was from Abcam (Cambridge, MA). 
All other primary antibodies were from Cell Signaling Technology (Danvers, MA). Alexa 
Fluor fluorescent secondary antibodies were from Thermo Fisher Scientific (Waltham, 
MA). All other secondary antibodies were from Jackson ImmunoResearch Laboratories, 
Inc. (West Grove, PA). Recombinant Ccl8 protein was from PeproTech (Rocky Hill, NJ). 
Gelatin, collagen I, BrdU, and Actinomycin D were from Sigma-Aldrich (St. Louis, MO).  
V.2.2. Cell culture. 
See III.2.2 
V.2.3. Mouse primary myoblast isolation and differentiation.  
See III.2.3. 





V.2.5. Lentivirus-mediated RNAi. 
See II.2.3. shRNAs in the pLKO.1-puro vector were purchased from Sigma-
Aldrich (MISSION® TRC). Clone IDs are: shCcl8 #1, TRCN0000068176; shCcl8 #2, 
TRCN0000068174.  
V.2.6. Quantitative RT-PCR. 
See III.2.7. Mouse β-actin primers: forward 5′-ttgctgacaggatgcagaag-3′; reverse 
5′-atccacatctgctggaaggt-3′. Mouse Ccl8 primers: forward 5′-cacctgctgctttcatgtac-3′; 
reverse 5′-ttggtctggaaaaccacagc-3′. 
V.2.7. Western blotting. 
See III.2.8. 
V.2.8. Cell proliferation and apoptosis assays. 
 See III.2.9.  
V.2.9. Injury-induced muscle regeneration and manipulation of Ccl8 
expression in mice. 
See III.2.10.  





V.2.12. Study Approval. 
All animal experiments in this study followed protocols approved by the Animal 







V.3.1. Ccl8 is expressed in skeletal muscle cells 
Since Ccl8 previously emerged from our RNAi screen as a potential positive 
regulator of myogenesis [19], we examined whether Ccl8 expression is regulated during 
in vitro differentiation using the C2C12 murine myoblast cell line. As shown in Fig. V.1A, 
Ccl8 mRNA levels progressively increased over the course of differentiation. We 
observed a similar trend in Ccl8 expression at the protein level in cell lysates (Fig. V.1B). 
A lentivirally-delivered shRNA against Ccl8 was used to confirm specificity of the 
antibody. This expression pattern is slightly different from a previous report of Ccl8 
expression in C2C12 cells, which found Ccl8 levels to rise after two days, but then fall by 
five days of differentiation [15]. This discrepancy may be explained by the slightly 
different time points examined, or may simply be due to clonal variation between cell 
lines. 
 We next evaluated the expression profile of Ccl8 in vivo using a well-established 
model of muscle regeneration [20, 21], described previously in chapters III and IV of this 
dissertation. As shown in Fig. V.1C, we observed Ccl8 signal around the periphery of 
undamaged myofibers, indicating a basal level of Ccl8 expression in muscle tissue. 
Three days after injury, Ccl8 was also observed in both damaged myofibers and 
mononucleated cells within the injured area (Fig. V.1C). Ccl8 signal in mononucleated 
cells persisted over the course of regeneration (Fig. V.1C). In order to determine 
whether these mononucleated cells are of myogenic or immune origin, co-labeling with 
cell-specific markers will be necessary. Examples include MyoD, which specifically 





V.3.2. Ccl8 expression is required for myogenic differentiation in vitro 
The mouse myoblast cell line C2C12 was used to evaluate the functional 
effect of Ccl8 gene knockdown by lentivirus-delivered shRNA. We found that depletion 
of Ccl8 expression by two independent shRNA strikingly inhibited C2C12 differentiation 
(Fig. V.2A). Fewer multinucleated myotubes were present after Ccl8 knockdown, and 
those that did form were small (Fig. V.2A). qRT-PCR confirmed the reduction of Ccl8 
expression for both shRNA (Fig. V.2B). This decrease in cell fusion upon Ccl8 depletion 
was accompanied by delayed or reduced expression of muscle differentiation-specific 
proteins such as MEF2A, MEF2C, and myosin heavy chain (MHC) (Fig. V.2C). 
Moreover, we observed the same phenotype in mouse primary myoblast cells (Fig. 
V.2D). Taken together, these results strongly suggest that Ccl8 functions as a positive 
regulator of myogenesis. 
V.3.3. Ccl8 depletion inhibits skeletal muscle regeneration in vivo 
Given the importance of Ccl8 expression in myogenesis in vitro, we wondered 
if manipulating the levels of Ccl8 would have a physiologically relevant effect on 
skeletal muscle regeneration in vivo. We utilized the same method of TA muscle 
injury described previously in chapters III and IV, but now introduced Ccl8 shRNA via 
co-injection with BaCl2.  As shown in Fig. V.3, we observed a marked reduction in the 
size of regenerating myofibers upon Cxcl14 knockdown at days 5, 7, and 14 after 
injury (AI) (Fig. V.3A, B). This inhibitory effect was most significant at day 5 AI, 
possibly indicating an early role for Ccl8 (Fig. V.3B). These results strongly suggest 
that Ccl8 is required for robust skeletal muscle regeneration after injury, and provide 
further evidence that Ccl8 positively regulates myogenesis. 
V.3.4. Ccl8 may regulate myogenesis through two distinct mechanisms 
We next sought to characterize the cellular mechanisms that Ccl8 regulates to 
affect myogenesis. In addition to decreasing cell fusion and expression of myogenic 
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markers, knockdown of Ccl8 also reduced the total number of C2C12 cells present in 
culture (Fig. V.4A). We examined both cell proliferation and apoptosis to find potential 
causes for this reduced cell number. Interestingly, Ccl8 knockdown both significantly 
decreased proliferation and increased cell death in myoblasts, as indicated by a 
markedly lower incidence of BrdU incorporation (Fig. V.4B) and increased TUNEL 
labeling (Fig. V.4C).  
We wondered whether the impaired differentiation phenotype we observed upon 
Ccl8 knockdown was simply caused by too few cells available to fuse, as was the case 
with Tnfsf14 (Chapter III, [22]). To test this hypothesis, we plated Ccl8-depleted C2C12 
cells at higher densities to compensate for the cell number reduction, so that the final 
cell number was not significantly different from control cells after differentiation. As 
shown in Fig. V.4D, when Ccl8-knockdown cells were plated at higher densities, they 
differentiated normally and did not exhibit a fusion defect. At first glance, these data 
seem to suggest that Ccl8 promotes myogenesis solely through maintenance of a 
sufficient pool of myoblasts to fuse, via either increased proliferation or enhanced 
survival. However, it is possible that Ccl8 also regulates early steps in myogenesis—
such as myoblast migration or cell-cell adhesion—and that plating the cells at higher 
densities can overcome the negative effect of Ccl8 knockdown on these processes. 
Indeed, when differentiating Ccl8-depleted cells were exposed to recombinant Ccl8 
(rCcl8), the fusion index was significantly increased despite no change to the overall 
cell number (Fig. V.4E). It should be noted that while cell fusion improved upon rCcl8 
treatment, it was not restored to control levels (Fig. V.4E). Thus, it is possible that 
Ccl8 has two distinct and important roles in myogenesis: (1) regulation of cell number 
via proliferation and survival in proliferating myoblasts, and (2) a pro-myogenic role 
independent of cell number in differentiating myoblasts. Further experiments should 
be performed to confirm this hypothesis. 
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V.3.5. Ccl8 depletion disrupts numerous cell signaling pathways 
We next wondered which cell signaling pathway mediates Ccl8’s effect in 
myogenesis. To probe this question, we evaluated changes to the activation of 
various signaling molecules with a known role in myogenic differentiation in C2C12 
cells after Ccl8 knockdown. As shown in Fig. V.5, Ccl8-depletion inhibits the 
phosphorylation of p38, AKT, and ERK1/2. All three of these protein kinases are 
members of signaling pathways that have been linked to regulation of proliferation, 
survival, and various stages of myogenesis [23-33]. As such, it is likely that 
involvement of one of more of these molecules could mediate the diverse effects of 
Ccl8 in muscle cells. Thus far, only one study has reported the ability of recombinant 
Ccl8 to stimulate ERK1/2 activation in C2C12 cells [15]. Further experiments will be 
necessary to pinpoint the relative contribution and timing of each pathway in Ccl8 
signaling. 
V.3.6. Ccl8 expression may be regulated by mTOR 
 Given the striking myogenic inhibition observed upon Ccl8 knockdown, we 
hypothesized that muscle cells must have a robust mechanism for regulating the 
expression of Ccl8. The mammalian target of rapamycin (mTOR) is a master 
regulator of diverse cellular processes and a key player in the coordination of 
myogenesis [21, 34-38]. Indeed, in vitro exposure of differentiating myoblasts to the 
mTOR inhibitor rapamycin is sufficient to inhibit myogenic differentiation and fusion, 
and secretion of myogenic factors may be regulated by mTOR [36]. Intriguingly, we 
observed that rapamycin treatment also prevented the rise of Ccl8 mRNA transcripts 
in differentiating C2C12 cells (Fig. V.6A). This same inhibition was also noted at the 
protein level (Fig. V.6B). These data suggest that mTOR may positively regulate 
expression of Ccl8. We also investigated rapamycin-sensitive expression changes of 
other cytokines from our screen during C2C12 differentiation. Expression of some 
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cytokines, like Flt3L, was only affected by mTOR inhibition at certain time points (Fig. 
V.7A). Others, such as Cxcl14, showed rapamycin-sensitivity throughout 
differentiation at the mRNA level (Fig. V.7B), but this trend was not observed at the 
protein level (unpublished observations). However, the vast majority of cytokines 
were not affected by rapamycin treatment (Fig. V.7C-F), indicating that mTOR 
regulation of Ccl8 transcripts may be cytokine-specific rather than a general 
phenomenon. 
We wondered whether the increased expression of Ccl8 normally seen during 
differentiation was due to increased gene transcription or merely enhanced stability 
of Ccl8 mRNA, leading to an accumulation of Ccl8 transcripts. To answer this 
question, we exposed differentiating myoblasts to the global transcription inhibitor 
actinomycin D (ActD). As shown in Fig. V.6C, ActD prevented the rise of Ccl8 mRNA 
transcripts during early differentiation, indicating that increased Ccl8 gene 
transcription is responsible for the rise in Ccl8 expression during myogenesis. Taken 
together, these results suggest that Ccl8 expression is regulated by mTOR at the 




We have identified Ccl8 as a novel positive regulator of skeletal muscle 
differentiation and regeneration. Our results indicate that Ccl8 may have multiple 
functions in myoblasts. For example, it appears that Ccl8 promotes cell proliferation and 
cell survival (Fig. V.4A-C), but adding rCcl8 to differentiating cells does not affect the cell 
number (Fig. V.4E), despite clear enhancement of cell fusion. It is possible that Ccl8 
functions to maintain adequate cell numbers in proliferating myoblasts, and then 
switches to a distinct pro-differentiation function in differentiating myoblasts. To dissect 
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the exact time frame and cellular mechanism of Ccl8 function, it will be necessary to 
introduce rCcl8 at different stages of myoblast proliferation or differentiation and then 
evaluate changes to cell fusion, proliferation, and death. 
A switch in Ccl8 function during the different phases of myoblast differentiation 
may be possible through variable regulation of one or more of its receptors. However, 
the functional receptors of Ccl8 remain a contentious issue across species. One study 
by Islam and colleagues found that—in contrast to human Ccl8—many immune cells do 
not migrate to mouse Ccl8, including those that express CCR2, 3, and 5 [4]. They 
concluded that mouse Ccl8 is not an agonist for the aforementioned CCRs, but instead 
is a ligand for CCR8 [4]. In light of these results, CCR1 and CCR8 may be the best 
candidates to pursue for a functional Ccl8 receptor in muscle cells. However, due to the 
inactivating effect of proteolytic processing and post-translational modifications on Ccl8 
[12, 13], it cannot yet be ruled out that the other CCRs play a role in Ccl8 signaling in 
myogenesis. 
Another question that remains in the story of Ccl8 is how the cell regulates Ccl8 
expression. Our data suggest that mTOR may positively regulate Ccl8 levels during 
differentiation, though a link between mTOR and Ccl8 has never been reported. To test 
this hypothesis, it will be interesting to utilize our lab’s transgenic mice expressing 
mutant mTOR proteins. The first mouse line expresses a rapamycin-resistant (RR) 
mTOR, while the second expresses an mTOR protein that is both rapamycin-resistant 
and kinase-inactive (RRKI) [21, 35, 36]. Experiments performed in these mice—as well 
as primary myoblasts isolated from them—will be useful for determining if mTOR 
signaling is indeed necessary for Ccl8 expression, and whether this phenomenon is 










Fig. V.1. Ccl8 is expressed in skeletal muscle cells 
(A) C2C12 cells were lysed at indicated time points (“Hrs diff”) during differentiation. 
RNA was isolated from lysates and the resulting cDNA was probed for Ccl8 mRNA 
levels using qRT-PCR. 
(B) C2C12 cells were differentiated and at indicated time points (“Hrs diff”) were lysed 
and subjected to western analysis. 
(C) TA muscles were injured by BaCl2 injection, and isolated on days 3, 5, 7, and 14 
after injury (AI). Saline was performed on opposite limb as a control. Upon cryosection, 
H&E staining or immunofluorescence staining for Ccl8 (green) together with DAPI (blue) 
was performed. Scale bars: 50 µm. 
One-sample 2-tailed t test was performed for data in (A).  **P<0.01. All error bars 





Fig. V.2. Ccl8 knockdown inhibits myogenesis in vitro 
(A) C2C12 cells were infected with lentiviruses expressing shCcl8 or shScramble 
(negative control), selected for 2 days then differentiated for 72 hrs, followed by staining 
for MHC (green) and DAPI (pseudocolored red). The fusion index was then quantified 
from the resulting images. Scale bar: 50 µm. 
(B) Cells treated as in (A) were differentiated and lysed for RNA isolation. qRT-PCR was 
performed on the resulting cDNA to confirm knockdown of Ccl8 gene expression. 
(C) Cells treated as in (A) were differentiated, and at indicated time points (“Hrs diff”) 
were lysed and subjected to western analysis. 
(D) Mouse primary myoblasts were infected with lentiviruses expressing shCcl8 or 
shScramble, differentiated for 48 hrs then stained for MHC and DAPI, followed by 
quantification of the fusion index. Scale bar: 50 µm. 
Paired 2-tailed t test was performed for data in (A) and (D). One-sample 2-tailed t test 






Fig. V.3. Ccl8 is required for robust muscle regeneration in vivo  
(A) TA muscles were co-injected with BaCl2 and shRNA viruses, and isolated on days 5, 
7, and 14 after injury (AI). Upon cryosection, H&E staining was performed. Scale bar: 50 
µm. 
(B) Quantification of the regenerating myofiber cross-sectional area (CSA) on muscle 
sections from (A). 
Paired 2-tailed t test was performed to compare shScramble and shCcl8 at each time 









Fig. V.4. Cxcl14 promotes cell proliferation 
(A) C2C12 cells were infected with lentiviruses expressing shCcl8 or shScramble and 
selected for 2 days, followed by differentiation for 72 hrs and subsequent staining with 
DAPI. Stained nuclei were counted. 
(B) Cells were treated as in (A) but differentiated for 24 hrs, followed by BrdU 
incorporation for 2 hrs. Cells were immunofluorescently stained for BrdU and DAPI, then 
counted. 
(C) Cells were treated as in (A) but differentiated for 24 hrs, followed by TUNEL assay to 
detect apoptotic cells. 
(D) Cells were treated as in (A) but Ccl8-depleted cells were initially plated at a higher 
density than control cells to make up for the difference in cell number that forms during 
differentiation. Differentiated cells were immunofluorescently stained for MHC and DAPI, 




Fig. V.4. (continued) 
 
(E) Cells were treated as in (A) but differentiated in the presence or absence of 
recombinant Ccl8 (rCcl8), then immunofluorescently stained for MHC or DAPI. The 
fusion index was calculated. 
One-sample 2-tailed t test was performed for data in (A), and paired 2-tailed t tests for all 






Fig. V.5. Ccl8 knockdown inhibits multiple signaling molecules 
C2C12 cells were infected with lentiviruses expressing shCcl8 or shScramble and 
selected for 2 days, followed by differentiation for 72 hrs. At the indicated time points 





Fig. V.6. Ccl8 expression may be regulated by mTOR 
(A) C2C12 cells were differentiated in the presence or absence of 50 nM rapamycin (R) 
for 72 hrs. At the indicated time points (“Hrs diff”), cells were lysed and RNA was 
isolated. The resulting cDNA was probed for Ccl8 mRNA levels using qRT-PCR. 
(B) Cells treated as in (A) were lysed at the indicated time points and subjected to 
western analysis. 
(C) Cells treated as in (A) were differentiated in the presence or absence of 5 ug/ml 
ActD. At the indicated time points, cells were lysed and RNA was isolated. The resulting 
cDNA was probed for Ccl8 mRNA levels using qRT-PCR. 
One-sample 2-tailed t test was performed for all data. * P<0.05;**P<0.01. All error bars 





Fig. V.7. mTOR has variable effects on expression of cytokines during C2C12 
differentiation 
(A) C2C12 cells were differentiated in the presence or absence of 50 nM rapamycin (R) 
for 72 hrs. At the indicated time points (“Hrs diff”), cells were lysed and RNA was 
isolated. The resulting cDNA was probed for Flt3L mRNA levels using qRT-PCR. 
(B) Cells treated as in (A) were probed for Cxcl14 transcripts. 
(C) Cells treated as in (A) were probed for IL-18 transcripts. 
(D) Cells treated as in (A) were probed for Cxcl5 transcripts. 
(E) Cells treated as in (A) were probed for Ccl17 transcripts. 
(F) Cells treated as in (A) were probed for Tnfsf14 transcripts. 
One-sample 2-tailed t test was performed for all data. * P<0.05. All error bars represent 
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CHAPTER VI: CONCLUSIONS AND PERSPECTIVES 
 
 For a long while, the story went that skeletal muscle cells were passive reactors 
to most of the cytokines and other soluble factors secreted during muscle regeneration. 
These cytokines were presumably produced exclusively by the immune cells that 
infiltrate the muscle tissue in response to the cellular injury inherent in strenuous 
exercise, disease, and trauma. The past decade has brought about a shift in 
perspective, however, with new reports of skeletal muscle cells playing a more active 
role in this myogenic process. We now know that myocytes express and secrete a wide 
variety of cytokines at different points during proliferation and the stages of differentiation 
and fusion, which have the capacity to work in an autocrine or paracrine manner. Still, 
the functions and underlying molecular mechanisms of these muscle-derived cytokines 
remain largely unexplored.  
 We performed the RNAi screen in order to better understand the roles of these 
muscle-derived cytokines in myogenesis. After screening 134 cytokine genes, we were 
able to categorize the resulting 29 positive hits into four functional groups (Table II.3). 
Class I and II cytokines represent potential positive regulators of myogenesis, while 
Class III and IV cytokines are potential myogenic inhibitors. We were interested in 
characterizing in detail the molecular mechanisms used by these candidate cytokines to 
affect myoblast differentiation and fusion. Through the studies described in this thesis, I 
found that Tnfsf14 (Class I) promotes myogenesis through cell survival, by maintaining a 
sufficient number of myoblasts available to fuse into myotubes.  Cxcl14 (Class III) is a 
negative regulator of myogenesis, and works by preventing myoblast cell cycle 
withdrawal and thus subsequent differentiation. Lastly, Ccl8 (Class I) may be 
multifunctional: it promotes sufficient myoblast number by enhancing proliferation and 
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survival in proliferating cells, and possibly functions in differentiating cells through a 
distinct pro-myogenic mechanism that has not been fully elucidated. 
As we began to characterize the regulation and function of our candidate 
cytokines, some patterns started to emerge. For example, some cytokines, such as Flt3L 
(Class I) and Cxcl14 (Class III), appear to directly antagonize one another in their overall 
effect on myogenesis, timing, and signaling pathways used. We were also surprised to 
see significantly higher numbers of negative regulators (Classes III and IV) compared to 
positive regulators (Classes I and II), though it is possible that the design of our RNAi 
screen biased our results toward uncovering myogenic inhibitors. Additionally, all of the 
Class III cytokines our lab has studied thus far—including Cxcl14 (Chapter IV), and 
Tnfsf10 and FasL (Singh and Chen, unpublished observations)—seem to function 
primarily through control of myoblast proliferation. These observations opened the door 
to further questions: Is it possible that cell cycle withdrawal represents a critical 
regulatory checkpoint for myoblasts? Why would myoblasts need so many negative 
regulators of myogenesis in their toolkit? Are there cytokines that work together as a 
network, antagonizing or amplifying the effects of other cytokines during myogenesis?  
To gain insight into some of these questions, I used Integrative Multi-species 
Prediction (IMP) 2.0, an online tool developed by the Troyanskaya lab at Princeton 
University [1], to create network maps of known and predicted gene interactions of the 
myogenic cytokines identified in our RNAi screen (Fig. VI.1-4). I was intrigued to find a 
Class III cytokine candidate—Tnfα—on our Class I candidate network map (Fig. VI.1), 
potentially indicating antagonistic regulation between the two classes. Also of note are 
some of the predicted interaction partners. For example, Oxt—the gene encoding the 
hormone oxytocin—was a major node in the Class III cytokine interaction network, and 
linked to three of our RNAi candidates: IL-5, Ccl1, and Gdf3 (Fig. VI.3). Interestingly, 
plasma oxytocin levels decrease with age, and supplementation with the hormone during 
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muscle injury can ameliorate the impaired skeletal muscle regeneration observed in 
sarcopenic mice [2]. Oxt also appeared as a predicted interaction partner in the Class II 
cytokine network (Fig. VI.2.). Thus, it is possible that oxytocin functions as an 
underappreciated regulator of cytokine signaling during myogenesis. 
 Ultimately, it seems clear that the cytokine signaling network in skeletal muscle is 
complex, and there are still many questions that remain to be answered. Most of the 
candidates we identified in our RNAi screen have no reported function in muscle. 
Similarly unknown are the mechanisms regulating the expression of these cytokines 
during myogenesis. More complete characterization of these secreted factors and the 
signaling pathways they fit into can help us to better understand how skeletal muscle is 
developed, maintained, and regenerated. Indeed, these cytokines may represent 
untapped therapeutic targets for muscular diseases and for maintaining healthier 












Fig. VI.1. Class I cytokines  
Functional gene network predicted for the Class I cytokines (highlighted here in green) 
identified in our RNAi screen (see Chapter II) using IMP 2.0 (http://imp.princeton.edu). 











Fig. VI.2. Class II cytokines 
Functional gene network predicted for the Class II cytokines (highlighted here in orange) 
identified in our RNAi screen (see Chapter II) using IMP 2.0 (http://imp.princeton.edu). 





Fig. VI.3. Class III cytokines 
Functional gene network predicted for the Class III cytokines (highlighted here in red) 
identified in our RNAi screen (see Chapter II) using IMP 2.0 (http://imp.princeton.edu). 





Fig. VI.4. Class IV cytokines 
Functional gene network predicted for the Class IV cytokines (highlighted here in blue) 
identified in our RNAi screen (see Chapter II) using IMP 2.0 (http://imp.princeton.edu). 
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